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(57) Abstract: A iwo-suoke internal combusUon engine is disclosed having opposed cylinders, each cylinder having a pair of op- 
posed pistons, with all the pistons connected to a common cenira) cranlcshafi. The inboard pistons of eacli cylinder are connected lo 
the crankshaft with pushrods and the outboard pistons are connected to the crankshaft with pullrods. Each opposed cylinder further 
comprises an inleerated scavenge pump for pro\'iding positive intake pressure. This conCguralion results in a compact engine with a 
veiy low profile, in which the free mass forces can be substantially balanced. The engine connguration also allows for asymmeincal 
liming of the intake and exhaust ports tlirough angular positioning of th& journals on the crankshaft. 
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INTERNAL COMBUSTION ENGINE 
Inventors: Peter Hofbauer and Adrian Tusinean 

RELATED APPLICATION 

This application claims priorit}^ from U.S. Provisional Application Serial 
Nmnber 60/482,772, filed June 25, 2003, and the contents of which are hereby 
incorporated by reference as if recited in fnll herein for all purposes, 

FIELD OF THE INTENTION 
The present invention relates generally to two-stroke internal combustion 
engines, and more specifically to a two-stroke internal combustion engine having a 
pair of opposed cylinders, each c3diQder haviog a pair of opposed pistons. 

BACKGROUM) OF THE ENTN^NTION 
TTie design and production of internal combustion engraes for the automotive 
and li^t aircraft industries are w^ell-developed fields of technolog^^ To be 
commercially viable, any new engine configuration must without sacrificing 
performance, provide significant improvements in the areas of energy and raw 
material conservation (especially the improvement of fuel consumption), 
environmental protection and pollution control, passenger safet}' and comfort, and 
competitive design and production methods that reduce cost and weight An 
improvement in one of these areas at the expense of any other is commercially 
unacceptable. 

A new engine configuration must be mechanically simple so that mechanical 
.losses are inherently minimized, and must be well-suited to maximizing combustion 
efTiciencies and reducing raw emissions. In particular, a new engine configuration 
should specifically address the most significant sources of friction in internal 
combustion engines to reduce mechanical losses; should have combustion chambers 
of a volume and design suitable for optimum combustion efficiency, and should be 
adaptable to utiliziag advanced supercharging and fuel iigection techniques. 

A new engine configuration should be lighter in weight and preferably have a 
reduced height profile for improved installation suitabilits^ and passenger safety. For 
automotive applications, a reduced height profile would permit the engine to fit under 
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the seat or floor area. For light aircraft applications, a short profile would permit 
installation of the engine directly within the wing, without the need for an engine 
cowling. 

A new engine configuration should be dynamicaUy balanced so as to minimize 
5 noise and vibration. Ideally, the smallest practical implementation of the engine, such 
as a two-cylinder version, should be fiiUy balanced; larger engines could then be 
constructed by coupling smaUer engines together. At low-load conditions, entire 
portions of the engine (and their associated mechanical losses) could then be 
decoupled without imbalancing the engine, 
10 Despite the promise of external continuous combustion technologies such as 

Stirling engines or fuel cells wilb electric motors to eventually provide low-emission 
high-efficiency engines for automobiles and light aircraft, these technologies wiU not 
be \dable alternatives to internal combustion engines in the foreseeable future due to 
their inherent disadvantages in weight, space, drivabilit}^ energy density and cost 
1 5 The internal combustion piston engine wiU for many years continue to be the 
principal poweiplant for these applications. 

The four-stroke interoal combustion engine currently predominates in the 
automotive market, with the four cylinder in-line configuration being common. The 
need for at least four cylindcErs to achieve a suitable rate of power stroke production 
20 dictates the size and sh^e of this engine, and therefore also greatly limits the 

designers' options on how the engine is placed within the vehicle. The smaU cylinders 
of these engines axe typically not optimal for efficient combustion or the reduction of 
raw emissions. The four cylinder iQ-line configuratiou also has drawback with 
respect to passenger comfort, since there are significant unbalanced free-mass forces 
25 which result iu high noise and vibration levels. 

It has long been recognized by engine designers that two-stroke engines have a 
significant potential advantage over four-stroke engines in that each cyUnder produces 
a power strolce dming every crankshaft rotation, which should allow for an engine 
vsdth half the number of cylinders when compared to a four-stroke engine having the 
30 same rate of power stroke production. Fewer cylinders would result in an engine less 
mechanically complex and less bulky. Two-stroke engines are also inherently less 
mechanicaUy complex than four-stroke engines, m that the mechanisms for opening 
and closing intake and esdiaust ports can be much simpler. 
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Two-Stroke engines, however, have seen limited use because of several 
perceived drawbacks. Two-slioke engines have a disadvantage in mean effective 
pressure (i.e., poorer volumemc efficiency) over four-stroke engines because a 
significant portion of each stroke must be nsed for the removal of Hie combustion 
5 products of the preceding power stroke (scavenging) and lie replenishment of the 
combustion air, and is therefore lost fi-om the power stroke. Scavenging is also 
inherently problematic, particularly when the engine must operate over a wide range 
of speeds and load conditions. Two-stroke compression-ignition (Diesel) engines are 
kno^^'n to have other drawbacks as weU, including poor starting characteristics and 
10 high particulate emissions. 

Modem supercharging and fuel injection me&ods can overcome many of flie 
limitations previously associated with two-stroke engines, making a two cylinder two- 
stroke engine a viable alternative to a four cylinder four-sfioke engine. Atwo 
cylinder two-slroke engine has the same ignition frequency as a four cylinder four- 
stroke engine. If the two-slroke engine provides a mean effective pressure 2/3rds fliat 
of the four-stroke, and the effective displacement volume of each cylioder of the two- 
stroke is increased to 3/2 that of the four-stroke, lhan the two engines should produce 
comparable power output The fev^'er but larger combustion chambers of the two- 
stroke would be a better configuration for improvement of combustion efficiency and 
20 reduction of raw emissions; the two- stroke could also dispense viithihe valves of the 
four-stroke engine, thus permitting greater flejdbiiilj' in combustion chamber design. 

Current production engines aie also known to have significant sources of 
fiiction loss; increased engine efficiency can be achieved by reducing these Motion 
losses. The largest sources of friction loss in current production automotive engines, 
25 accounting for approximately half of all friction losses, are the result of tire lateral 
forces produced by the rotating connecting rods acting on the pistons, pushing fliem 
against the cylmder walls. The magnitudes of these losses are a fimction of tiie 
crankshaft tiirow, r, divided by tiie connecting rod length, /; the ratio is often 
designated X (lambda). Decreasing 7^ eitiier by mcreasing the effective connecting 
30 rod length or decreasing the crankshaft throw, potentiaUy yields tiie greatest overall 
reductioiL in ftiction loss. 

The losses due to tiie contact of the pistons (or more conectiy, the piston 
rings) Willi the cylinder walls are also a fimction of tiie mean velocity of the pistons 
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TOfh respect to the cj^Iinder waUs. If the pistons can be slowed down while 
maintaining the same power output, friction losses will be reduced. 

Another significant source of friction loss in current production engines are 
the large forces acting on the crankshaft main bearings. A typical four cylinder in- 
line engine has five crankshaft main bearings, which are necessary^ because there are 
literally tons of combustion force pushing down on the cranlcshafn these forces must 
be transferred to the siqjportmg structure of the engine. Both the cranlcshaft and the 
supporting structure of the engine must be designed with sufficient strength (and the 
corresponding weight) to acconunodate these loads. 



SUMMARY OF THE INVENTION 
Embodiments of the present invention provide a two cylinder two-stroke 
internal combustion engine havmg unproved efSdency, a reduced height profile and 
lower weight for in5)roved instaflation suitability, substantiaUy total dynamic balance, 
15 and mechanical simplicitj' for reduced production costs. 

Accordingly, an aagine mechanism is disclosed that utilizes a smgle 
crankshaft and two opposed cylinders wifli integrated scavengmg pumps. Each 
cylinder contains opposed inner and outer pistons reciprocably disposed to form a 
combustion chamber between them. Pushrods are provided to drivingly couple the 
20 inner pistons to the crankshaft, and puUrods to drivingly couple the outer pistons to 
the crankshaft. 

Further in accordance with the mvention, the pushrods share a common 
cranlcshaft journal as well as both pair of respective puUrods each share a common 
journal for receiving the driving forces fiom the respective pulkods and pushrods. 
25 Each cylmder has air intake ports and exhaust ports formed near its respective ends, 
controlled by the respective inner and outer pistons. 

In accordance witii embodiments of the invention, the puUrod and pushrod 
journals for each cylinder are arranged asymmetrically so that the exhaust ports of the 
associated cylinder open before its air intake ports open, and close before its air intake 
30 ports close. 

In accordance with embodiments of the invention, each inner piston on its end 
remote fiom fee combustion chamber has a smoofti end face that is convexly curved 
• in a plane perpendicular to the longitudinal axis of the crankshaft. An associated 
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pvshrod has a concavely shaped outer end surface lhat shdiBgly engages the curved 
end face of iniiei- piston. This pushrod configuration serves to effectively lengthen 
the pushrods, thereby reducing fiiction losses and improving dynamic balance. 
Li accordance wdth embodiments of the- invention, two puUrods for each 
5 cj'linder are provided for receiving the dri^^ng force fiom the outer pistons. The two 
pulhods are on opposite sides of the cyhnder, Avith their ianer ends encircling an 
associated journal of the crankshaft, while their ends remote from the crankshaft are 
coupled to a bridge that is pivotaUy coupled to the remote end of the respectively 

associated outer piston. 

10 Maximum power ef&ciency from an engine according to the present invention 

is best achieved by applying pressurized air to the intake ports of each cylinder. Li 
accordance with embodiments of the invention, an engine wifii asjonmetric timing 
includes two scavenging pumps, each of which are integrated in the respective left 
and right cylinders and driven by respective outer pistons, are coupled to intake ports 

15 of an associated cyhnder to apply pressurized mtake fluid to the intake porte of that 
associated cylinder. 

BRJEF DESCRIPTION OF THE DRAWINGS 
The invention is farther described in connection with the accompanying 

20 drawings, in which: 

Figure 1 is a partial cutaway isometric ^iew of an engine in accordance wifli 

an embodiment of the present invention; 

Figures 2 and 3 are top cross-sectional views of the left oylmder in the top 
dead center and bottom dead center positions, respectively, in accordance with an 
25 embodiment of tibe present inventioiu 

Figure 4 is a cross-sectional side view of the left cyhnder, in accordance with 
an embodiment of the present invention; 

Figure 5 is a side cross-sectional ^'iew of aleft cylinder liner that defines in- 
part the left combustion chamber, in accordance with an embodiment of the present 
30 invention; 

Figure 6A is a cross-sectional view along the cut Ime 6A— 6A of Figure 5; 
Figure 6B is a cross-sectional view along the cut line 6B— 6B of Figure 5; 
Figures 7A is a side and cross-secti.onal view of a left cylinder Imer that 
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defines in-part the left combustion chamber and at least one row of combination- 
intake ports at an intake end, in accordance with an embodiment of the present 
invention; 

Figm^ 7B is a cross-sectional view along the cut line 7B — 7B of Figure 7A; 
5 Figure SA is a graph representing symmetric timing of the opening and closing 

of the intake ports and the exhaust ports as a function of crankshaft angle; 

Figure SB is a graph representing asymmetric timing of the opening and 
closing of the intake ports and the exhaust ports as a function of cranicshaft angle in 
accordance with the present invention; 
1 0 Figure 9 is a side cross-sectional view of an engine with the crankshaft at an 

angle of rotation of 270°, in accordance with an embodiment of the present invention; 

Figure 10 is a gr^h representing asymmetric timing of the opening and 
closing of the intake ports and the exhaust ports as a function of crankshaft angle in 
accordance wifh the present invention; 
15 Figure 1 1 is a side CToss-sectional view of an engine with a sliding cylinder 

linear in accordance with an embodiment of the present invention; 

Figure 12 is a side cross-sectional view of the left cylinder including a left face 
and left inner piston combustion face near top dead center forming a torroidal 
combustion chamber, in accordance with an embodiment of the present invention; 

Figures 13A and 13B are partial cross-sectional views of an engine includmg 
the left cylinder comprising an hitennittent-contact spark igniticm system in a 
disengaged and engaged position, respectively, in accordance with an embodiment of 
the present invention; 

Figure 14 is a partial cross-sectional view of the left cylinder comprising a 
25 sHding-contact ignition system, in accordance with an embodiment of the present 
invention; 

Figure 15A is a partial side cross-sectional view of a left outer piston head 
wherein the glow phxg extends into a spherical cavity formed in the left outer piston - 
head extending from the left inner piston combustion face, in accordance with an 
30 embodiment ofthe present invention; 

Figure 15B is apartial side cross-sectional view of a left outer piston head 
wherein the glow plug extends into a swni cavity formed in the left out^ piston head 
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extending from tiie left inner piston combustion face, in accordance with an 

embodiment of the present invention; 

Figure isCisapartialsidecross-sectioDalviewofaleftouterpistonliead . 

wherein lie glow plug extends into a cavitj' bottom of an elongated cavitj' fonned in 
5 the left outer piston head extending from the left inner piston combustion face, in 
accordance with an embodiment of the present invention; 

Figure 16 is a top exploded cross-sectional view of the crankshaft, left/right 
pullrods and lefi/iight pushiods, in accordance with an embodiment of the present 
im'ention; 

10 Figure 17 is an assembled top view of the embodiment of Figure 16; 

Figure 1 8 is an isometric exploded view of the left/right pushiods, the second 
and third crankshaft components, and the second roller bearing, in accordance wilt an 

embodiment of the present invention; 

Figure 19 is an isometric assembled™ of a crankshaft, in accordance with 

15 an embodiment of the present invention; 

Figure 20 is a cross-sectional isometric assembled view of the crankshaft of 
Figure 19, in accordance vfifh an embodimeat of the present invention; 

Figure 21 is a partial cutaway isometric view of an engine, in accordance wifli 

an embodiment of the presCTt invention; 
20 Figure 22 is a partial cut-away view of a balancing sj'stem comprising a 

balancing system housing, a counter weight, and aplanetaiy gear assembly, in 
accordance with an mbodiment of tibe present invention; 

Figure 23 is a cross sectional view along the cut line 23—23 of Figure 3 
showing the left bridge comprising a bridge concave surface that is adapted to be 
25 sUdingly received in convex pull surfece of the right outer piston m accordance wilh 
an embodiment of the present invaition; 

Figure 24 is a schematic top view of an engme comprising a pluraHty of 
OPOC engines, coupled to a common crankshaft in side-by-side parallel relationship, 
in accordance with an embodhnent of the present invention; 
30 Figure 25 is a schematic front view of an engine comprising aplurahly of an 

odd number of OPOC engine cylinders coupled to a common crankshaft in an 
equally-spaced radial relationsbip, in accordance wifli an embodiment of the present 
invention; and 
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Figure 26 is a schematic front ™ of an engine comprising a pluiaHty of 
OPDC engines coupled to a common crankshaft in an equally-spaced radial 
relationship, in accordance with an embodiment of the present invention. 

DESCJUPTION OF THE INVENTION 
In the following detailed desa:q)tion, reference is made to flie accompanying 
drawings ^^^ch fonn a part hereof wherdn like numerals designate lilce parts 
throughout, and in which is shown by way of illustration specific embodiments in 
whichtheinvenlionmaybepracticed. It is to be understood that other embodiments 
may be utilized and structural or logical changes may be made without departing from 
the scope of the present invention. Therefore, the following detaOed description is not 
to be taken in a limiting sense, and the scope of the present invention is defined by the 
appended claims and their equivalents. 

Figure 1 IS a partial cutaway isometric vieW of an engine 10 in accordance 
with an embodiment ofthe present invention. The engine 10 comprises a housing 103 
containing a left cylinder 100, an axially aligned right cylinder 200 opposite the left 
cylinder 100, and a cranlcshafi 300 located there bet;.een. Figure 1 depicts the engme 
10 at a cranlshafi angle of 0° or top dead center (TDC). 

Figures 2 and 3 are top cross-sectional views of the left cyUnder 100 in the 
20 TDC and bottom dead center (BDCD positions, respectively, in accordance with an ' 
embodiment of the present invention.' As shown in Figures 1, 2 and 3, the left cyhnder 
100 comprises a left cylinder liner 130. a left outer piston 1 1 0 and a left inner piston 
120. The left cylinda: liner 130 comprises a left cylinder liner outer surfece 132 and a 
bore defining a leftcylinder liner bore surface 139. The left cylmder liner 130 fiirther 
comprises a left cyhnder Uner intake end 136 and a left cylinder liner exhaust end 
138. The left cylmder hner intake end 136 comprises a pluiaUty of left mtake ports 
161 and the left cylmder Uner exhaust end 138 comprises a plurality of left exhaust 
ports 163, wMch will be furtha- described below. 

The left outerpiston 110 comprises a left outer piston head 116 anda left 
outerpistonphnger 118 opposite the left outer piston head 116. The left outerpiston 
head 1 1 6 terminates at a left outer piston combustion face 1 1 1. The left outer piston 
head 1 1 6 is adapted to be slidingly received m close fitting engagement with the left 
cylinder liner bore surfece 139 at the left cyhnder liner intake end 136. 
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The left inner piston 120 comprises a left inner piston head 126 and a left 
inner piston push end 124 opposite the left inner piston head 126. The left inner 
piston head 126 terminates at a left inner piston combustion fece 121. The left inner 
piston head 126 is adapted to be shdingly received in close fitting engagement with 
the left cylinder liner bore surface 139 atthe left cyUnder Uner exhaust end 138. 

The left ouier piston 1 1 0, the left inner piston 120, and the left cylinder liner 
130 define a left combustion chamber 1 50. 

Similarly, as shovsTi in Figure 1, the right cylinder 200 con^rises a right 
cyhnder Uner 230, a right outer piston 210 and a right mner piston 220. The right 
cylinder liner 230 comprises a right cylinder Imer outer surface 232 and a bore 
defining a right cyhnder hner bore surfece 239. The right cylinder hner 230 further 
comprises a right cyhnder hner intake end 236 and a right cyhnder liner exhaust end 
238. The right cyhnder liner mtake end 236 comprises a phnaHty of right intake ports 
261 and the right cyhnder hner exhaust end 238 comprises a plurahts' of right exhaust 
15 ports 263, which will be further described below. 

The right outer piston 210 comprises a right outer piston head 21 6 and a right 
outer piston plunger 218 opposite the right outer piston head 216. The right outer 
piston head 216 termmates at a right outer piston combustion fece 211. The right 
outer piston head 216 is adapted to be sUdmgly received m close fittmg engagement 
20 with the right cyhnder hner bore surface 239 at the right cyhnder hner intake end 236. 

The right mner piston 220 comprises a right mner piston head 226 and a right 
mnerpistonpushend224 opposite 1herightmnerpistonhead226. Therightmner 
piston head 226 termmates at a right mner piston combustion fece 221 . The right 
mner piston head 226 is adapted to be shdingly received in close fittmg engagement 
25 with the right cyhnder hner bore surface 239 at the right cyhnder hner exhaust end 
238. 

The right outer piston 210. the right umer piston 220, and the right cj'hnder 
hner 230 define a right combustion chamba: 250. 

The left outerpiston 110 and tihe right outer piston 210 are coupled to apair of 
30 common joumals,outerpistonjounials311.on1hectankshaft300. Theleftouter 
piston 1 10 is coupled to flie cranlcshaft 300 by means of a pair of left puUrods 41 1, 
one on eiAer side of the left cyhnder hner 100. Similarly, the right outer piston 210 
of the right cyhndesr 200 is coupled to tiie crankshaft 300 by two right pulhods 421. 
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Since the pullrods 41 1., 421 are typicaUy always in tension during nonnal engine 
operation and need only support a manor compressive force during engine startup, as 
will be further explamed below, they may be relatively thin and therefore Hghtweight 
The long length of the puDrods 41 1, 421 relative to the cranlcshaft throws serves to 
5 reduce fiction losses in flie engine 10. The pulbods 41 1, 421 and how they couple 
with the crankshaft 300 will be furflier described below. 

The left and ri^t pullrods 41 1, 421 are coupled to the left and right outer 
pistons 110, 210 by means of left and right bridges 170. 270. The left and right 
bridges 170, 270 comprise a bridge concave suifece 173 that is adapted to be slidingly 
10 received in convex pull surface 172 of the left outer piston 110, wMdi wiU be furthir 
described below. 

The left inner piston 120 and the right inner piston 220 are coupled to a 
common journal, an inner piston journal 312, on the csiankshaft SOO.During normal 
engine operation, the left/right pnshrods 412, 422 are always under compression. The 
15 left inner piston 120 of fiie left cylinder 100 is coupled to the crankshaft 300 by means 
of a left pushrod 412; the right inner piston 220 of the right cylinder 200 is similarly 
coupled to the cranlcshaft 300 by a rightpushrod 422. The lefi/right pushrods 412, 
422 have left/right concave ends 413, 423 that ride on left/right convex snrfeces 125, 
225 on the left/right inner piston push ends 124, 224 of the left^ght inner pistons 
120, 220, respectively. This arrangement serves to effectively leogthen ifae pushrod 
length, which reduces fiiction bsses and helps dynamically balance the engine 10. 
The left/right pushrods 412, 422 and the left/right convex suifeces 125, 225 win be 
ftwher described below. 

The four pistons 110, 120, 2 10, and 220 have a plmaUty of piston rings 112, 
25 122, 212, and 222, respectively, located both behind the combustion feces II 1, 121, 
21 1, 221 and further along the piston heads 1 16, 1 1 8, 216, 218 to prevent the escape 
of fluid fiom between the piston heads 116, 118. 216, 218 and the bore suifece 115, 
215. Additional piston rings may be enqjloyed. 

As stated above, the left/right cyUnder liners 130, 230 each have a phnality of 
30 left/right intake ports 161, 261 and left/right exhaust ports 163, 263. On the left 
cylinder 100, by way of example, the left outer piston 110 opens and closes the left 
intake ports 161.and the left inner piston 120 op«is and closes the left exhaust ports 
163. The timing of the opening and cbsing of the left/right intake ports 161, 261 and 
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left/right exhaust ports 163 , 263 will be described below. 

The housing 103 is adapted to house the left cylinder 100, liie right cylinder 
200, and the crankshaft 300. The housing 103 comprises a left cylinder ca^'it5' 104. a 
right cyUnder cavit3' 204, and a cranlcshaft oavit>' 304, adapted to house the left 
5 cylinderl00,1herightcylinder200,andthecranlcshaft300,respectivety. Theleft 
cylinder cavit>' 104 defines a leftplnnger sliding suifece 106 and terminates witha 
left housing end cap 107. The left plunger 1 18 is adapted to be slidingly received in 
close fitting sealed engagement with the left plunger sliding surface 106. The left 
plunger 1 1 S, the left housing end cap 107, and the left plunger sliding surface 106 
10 define a first left scavenging chamber 1 05. 

The left cylinder cavity 104 is di^dded into two volumes by a pair of left 
sleeve seals 123: one defining in-partlhe crankshaft cavity 304 and the other defining 
a second left scavenging chamber 109. The left slee^^ seals 123 are tabular members 
each havmg an inner bore diameter adapted so fliat one of fhe left pulkods 41 1 can 

15 pass therethrough. 

Figure 4 is a cross-sectional side view of the left cylinder 100, in accordance 
with an embodiment of the present invention. The left sleeve seals 123 conprise a 
suitable cross-sectional shape, such as ciicular or elliptical, so as to accommodate the 
range ofmotionof the left pulhods411 during operation ofihe engine 10. As shown, ■ 

20 the left pullrods 411 are in a lowered position wherein fee crankshaft (not shown) is m 
the BDC positioiL 

Referring again to Figures 1-3, a sleeve end 169 of the left sleeve seal 123 is 
coupled to the left plunger llg such that the left sleeve seal 123 is carried by fhe left 
plunger 118 as the left plunger 118 Uanslates axially during engine operation. 

25 The left cylinder cavity 104, the left plunger 118, the left cylinder liner 130, 

and the left sleeve seals 123 define the second left scavengmg chamber 109. The 
second left scavenging chamber 109 and Ihe crankshaft cavity 304 are sealed from 
fluidcommunicationbylheenpgementof each of deleft sleeve seals 123 wife left 
sleevesealrinpl28coupledtofeehousingl03. The left sleeve seal rings 128 are 

30 adaptedtoallowfeetranslationoffeeleftsleevesealsl23feereinwhilepreventmg 

fluid communicationbetween Ihe second left scavenging chamber 109 and fee 

crankshaft cavity 304. 

la one embodiment in accordance wife fee present invention, intake fluid is 
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commuaioated tbrough the second left scavenging chamber 109 and lubricating and/or 
cooling fluid is communicated ftrough tiie crankshaft cavity 304. 

The first left scavenging chamber 105 is in fluid communication with the 
second left scavenging chamber 109 by at least one first scavenging chamber port 
5 165. a left scavenging conduit 166, and a second scavenging chamber port 167. The 
first scavenging chamberport 165 provides fluid communication between the first left 
scavenging chamber 105 and the left scavenging conduit 166. and the second 
scavenging chamberport 167 provides fluid communication between the left 
scavenging conduit 166 and the second left scavenging chamber 109. 
10 Similarly, the right cylinder cavity 204 defines a right plunger shdmg surface 

206 and terminates with a tight bousing aid c^ 207. The right plunger 207 is adapted 
to be shdingly received in close fitting engagement with the right plunger sHding 
surfece 206. The right phmger 207, the right bousing end cap 207, and die right 
phmger sliding surface 206 define a first right scavenging chamber 205. 

In substantially similar arrangement as the left cylinder 100. the right cylinder 
cavity 204 is divided into two vohmies by a pair of right sleeve seals 223 : one 
defining in part the crankshaft cavity 304 and the other defining a second ri^t 
scavenging chamber 209. 

20 Scavenging Pomp 

The mechanical components that make up the first and second scavengmg 
chambers 105, 205, 109, 209 are herein referred to as a scavenging pump. ScTvenging 
pump operation wfll be described byway of example. Assume fliat the left cylinder 
100 is undergoing a power stroke wherein flie crankshaft 300 js at 90" past "top dead 
25 center" (TDQ, such as shown m Figure 2. During the power sttote, the left outer 
piston 110 and the left inner piston 210 art driven apart by the high pressure fluid 
within the left combustion chamber 150 produced during combustion. The left outer 
piston 110 and therefore flie left outer piston phmger 118 is driven towards the left 
housing end cap 107, wMch in tmn decreases the volume, and increases the pressure 
30 within the first left scavaiging chamber 1 05, as shown in Figure 3 . 

At a predetaanined pressure,- a one-way valve 168 adjacent the first 
scavenging chamberport 165, among other suitable locations, releases high-pressure 
fluid from the first left scavenging chamber 105 through the left scavenging conduit 
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1 66 and into the second left scavenging chamber 109. At a predetennined time 
during the high-pressure fluid release from tiie first left scavenging chamber 105, fee 
left Jtake ports 161 are opened to permit the iughpi^sure fluid in the second left • 
scavenging chamber 109 to enter the left combustion chamber 150. 

The intake fluid m the second left scavenging chamber 109 is finrther 
compressed byliemovementoffheleftouterpistons 110. In accordance with an 
embodmient of tie present invention, the left exhaustports 163 are closed before lie 
left intake ports 161, wherein the pressure of lie intake fluid firfier increases as die 
left outer piston 110 moves distal to the crankshaft 300. 

During the compression stroke, lie left outer piston 1 10 and the left imier 
piston 210 are driven together by the leftpulbrods 411 and the leftpusbrods 412. 
respectively. The left outer piston 110 and therefore the left outer piston plunger 118 
is driven away from die left housing end cap 107, which in turn increases the volume, 
and decreases the pressure mdnn die first left scavenging chamber 105. This closes 
the one-way valve 168 adjacent the first scavenging chamber port 165 and opens one 
or moreone-way intake valves 182 in the left housing end cap 107,drawmginintake 

fluid there dirough. 



Intake Ports 

iO Figure 5 is a side cross-seclional view of a left cylinder liner 130 tot defines 

in-part die left combustion chamber 150, in accordance with an embodiment of flie 
present invention. The left cylinder liner 130 comprises a left cylinder liner intake 
end 136 comprising at least one row of first intake ports 161 and at least one row of 

second intake port. 1 62. The left cylinder Imer 130 firfier con^rises a left cyhnder 
25 liner exhaust end 138 comprising at least one row of exhaustports 163. 

Figures 6A and 6B are cross-sectional views of die first and second intake 
ports 161, 162respectively,inaccordancewiflianembodimentofdiepresent 
invention! Each of the first intalce ports 161 comprise a radial flow chamiel 164 that 
is adapted to direct intake fluid into the left combustion chamber 150 in a radial 
30 direction wiflirespect to die left cyhnder liner axis X-X and at a retrograde angle 
alpha in a direction away from flie exhaust end 138 and towards die intake controllmg 
left outerpiston 110, as showninFigure 3. The radial flow chamiels 164 are adapted 
to direct intake fluid into die cenlial region of die left combustion chamber 150 and 
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away from the left cylinder liner bore surfece 139. Detenaination of a suitable 
retrograde angle alpha is dependent on the pressure of the intake fluid supplied to the 
first intake ports 161, the pressure within the left combustion chamber 150, intake 
fluid tCTiperature, mtake fluid velocit^^ intalce fluid composition, among others. A 
5 central intake-fluid zone flow pattern is established by the first intake ports 361 
characterized by a substantially-non-swirling fluid path. 

Each of the second intake ports 162 comprise a tangential flow channel 364 
that is adapted to direct intake fluid in a substantially tangential dnection with respect 
to the left cylinder liner bore surface 139 and at a retrograde angle beta in a direction 
10 away from the exhaust end 138 and towards the intake controlling left outer piston 
110, as diown in Figure 3. The tangential flow chamiels 364 are adi^ted to direct 
intake fluid substantiaUy along the left cylinder liner bore surface 139. The tangential 
flow chamiels 364 are adapted to establish a side iatalce-fluid zone adjacent the central 
intake-fluid zone and the left cylmder hner bore surfece 139. Detemainatian of a 
15 suitable retrograde angle beta is dependent on the pressure of the intake fluid 

supplying the second intake ports 163, pressure m the left combustion chamber 150, 
intake fluid temperature, intake fluid composition, among others. The flow pattern 
estabHshed by the second mtake ports 163 is characterized by a substantiaDy-swirlmg 
fluid path in the combustion chamber 150. 

la operation of the OPOC engine 10, as the left outer piston 110 translates in a 
retrograde direction (away from fee crank shaft), fee second intalce ports 162 open. 
The second intake ports 162 estabhsh a back flow of fee exhaust (combustion) fluid 
about the second mtake ports 162 and later a swirl mtake-fluid flow pattern that 
displaces fee exhaust fluid that lies adjacent fee left cylinder Imer bore surface 139 
25 because fee centrifiigal forces are pushing fee heavier cold intake fluid away from fee 
axis X— X. As fee left outer piston 110 translates furfeer in a retrograde dnection, fee 
first intalce ports 161 are opened now m combination wife fee second intake ports 
162. The first intake ports 161 establish a central flow pattern feat displaces fee 
exhaust fluid feat is found in fee central region of fee left combustion chamber 150. 
30 This cratral flow is at fee beginning not disturbed by fee flow through fee second 
intake ports 162 due to fee back flow whem fee second intake ports 162 opea. 

The combination of fee coitral intake-fluid zone flow pattern and fee side 
intalce-fluid zone adjacent fee central intake-fluid zone and fee left cyhnder liner bore 
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surfece 139 provides a relatively flat slug or fluid j&ont 177 between the intake fluid 

175 and the exhaust fluid 176. men the fluid ffont 177 reaches llie exbatist ports 
163, the intake fluid 175 has substantially scavenged or displaced the exhaust fluid 

176 from the left cylinder hner 130. 

5 Figures 7A and 7B are a side and cross-sectional view of a left cylinder liner 

130 lhat defines in-part the left combustion chamber 150 and at least one row of 
combination-intake ports 461 at an intake end 136, in accordance with an embodiment 
of the present invention. Each of the combination intake ports 461 comprise a 
combination flow channel 464 comprising a radial surfece 561 and a generally 
10 ■ tangential surface 661 that is adapted to direct intake fluid into the left combustion 
chamber 150 in both a radial and tangential direction with respect to the left cylinder 
hner axis X— X and at a retrograde angle gamma in a direction away from the exhaust 
end 138 and towards the intake controlling left outer piston 1 10, as shown in Figure 3. 
This combination intake port 461 is particularly advantageous in small engines 
15 where there is insufficient space to put in multiple rows of intake ports. A single row 
lhat has integrated both functions: directing the flow toward the center of the left 
combustion chamber 150 while providing the necessary swirl is provided. 

Figure 7A approximately illustrates ttie resulting flow pattern 117 in the left 
combustion chamber 150. In effect, a well formed front, or slug, of intake fluid 175 
20 extends substantially the widfli of the left combustion chamber 150 and effectively 
displaces the exhaust fluid 176 from fiie combustion chamber 150 towards Ihe exhaust 
ports 163. The combination of intake port geometry (height, width, length, radial, 
tangential, among others), inner and outer piston timing, intake fluid pressure and 
temperature, among others, provides that substantially all of the exhaust fluid 176 is 
25 displaced from the combustion chamber 150 during the exhaust phase. Also, the 

above parameters provide that substantially no potentiaUy fuel-rich intake fluid 175 is 
pOTnittedto escape the exliaust ports 163. 

The mentioned flow pattern developed in the combustion chamber 150 
provides mcrease in engine performance and a greatly reduced emission of fuel-rich 
30 pollutants. 

Figure 8A is a graph representing symmetric timmg of Ihe opening and closing 
of the intake ports and the exhaust ports as a function of crankshaft angle. Anintake 
port curve 22a shows the opening and closing of the intake ports as a symmetric curve 
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about the axis m. An exhaust port curve 20a shows the opening and closing of the 
exhaust ports as a symmetric curve about the axis m and about the intake port curve 
22a. The exhaust port curve 20a shows that the exhaust ports open before the intake 
ports opeu, and the exhaust ports close after the intalce ports close. This timing 
configuration is not ideal, as there will be a pressure loss out of the last-closing 
exhaust ports. 

Figure 8B is a graph representing asymmetric timing of the opening and 
closing of the intake ports and the exhaust ports as a function of cranlcshaft angle, in 
accordance with an embodiment of the present invention. An intalce port curve 22b 
shows the opening and closing of the intake ports as a symmeliic curve offset from 
the axis m. An exhaust port curve 20l> shows fee opening and closing of flie exhaust 
ports as a synuneMc curve about fee axis m. The exhaust port curve 20b shows that 
flie exhaust ports open before the intake ports open, and the exhaust ports close before 
fee intake ports close. This timing configuration is suitable for maintaining or 
15 increasing pressure within the combustion chamber after the exhaust ports close with 
no loss out of the first-to-close exhaust ports. 

One relationship of pistons and connecting rods, wilt associated timing 
sequences, is described in fiirther detail in U.S. Pat. 6,1 70,443 and PCT/US 03/0S70S 
jaitifled mamE with power generating CAPABILrrY, which is under 
common ownership with fliis application, and is incorporated herein by reference in 
its entirety for all purposes. 

Other timing sequences are appreciated. In one embodiment, asymmetric 
timing may be desired to reduce the complexity of the system. Various timing 
sequences in accordance witii raDbodunents of die present invention are described 
25 herein. 

Referring again to Figure 1, the outer piston journals 311 and the inner piston 
journal 312 are uniquely positioned with respect to the crankshaft rotational axis 310. 
The inner piston journal 3 12 is &riher fixjm flie crankshaft rotational axis than the 

outerpistonjournalsSll.iesultingingreatertravdfortheleflMghtiDnerpistons 120, 
30 220 than for the left^ght outer pistons 110,210. Further, the inner piston journal 
312, which duectly controls the translation of the Irfl/right inner pistons 120, 220 
vi-iuch opeu and close fhe lefi/right exhaust ports 163, 263 in tiie lefi/ri^ cylinders 
100, 200, are angularly advanced, vMle fee outer piston journals 31 1 which directly 
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control the translation of tlie left/right outer pistons 110, 210, which open and close 
the intake ports, such as the first and second intalce ports 161, 162, are angularly 
retarded. 

The above configuration provides an asymmetric timing that has the exhaust 
5 ports 161 opening before the inmke ports 16h 162 and the exhaust ports 161 closing 
before the intake ports 161, 162 close. This arrangement provides that no intalce fluid 
is permitted to exhaust through the exhaust ports 162, and for substantially complete 
scavenging of the combustion chamber 150. 

Referring agam to Figures 2 and 3, the left outer piston 110 selectively opens 
10 and closes the intalce ports 261, 262, 461 to faciHtate desired timing of the intake fluid 
into the left combustion chamber 150. An embodiment in accordance v^'ith the present 
in^^ention comprises asirmmetric timing wherem at the end of the firing or power 
stroke, before bottom dead center (BBDC) exhaust ports 163 open at approxunately 
75 degrees, measured as the amount of cranlsshaft rotatioiL And, the second mtake 
15 ports 162 open at approximately 45 degrees. Conversely, at the beginning of the 

compression sti-oke, after bottom dead center (ABDC), the exhaust ports 163 close at 
approxunately 45 degrees, and the second intake ports 162 close at approximately 55 
degrees, for example. 

20 Variable Port Timing 

Figure 9 is a side cross-sectional view of an engine 12 with the crankshaft 
1300 at an angle of rotation of 270'*, in accordance Avith an embodiment of the present 
mvention. At this angle, the left outer and inner pistons 1110, 1120 of the left 
cylinder 1 100 are converged, with the left intake and left exhaust ports 1 161, 1 163 

25 being closed. The intake fluid between the left outer and ioner pistons 1 1 10, 1 120, is 
compressed there between. 

The ri^t cj'linder 1200 is completing its power stroke, with the right outer 
and inner pistons 1210, 1220 having moved apart with the right intake and exhaust 
ports 1261, 1263 open. 

30 The amount of time liiat the intake and exhaust ports 1 161, 1261, 1 163, 1263 

are open to bring in intake (pre-combustion) fluid and blow out exhaust fluid, 
respectively, is determined by a number of fixed and variable feictors. The fixed 
fectors are, among others, flie stroke length of liie outer and inner pistons 1 1 10, 1210, 
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1120, 1220 and the distaiwe between the intake and exlianst ports 1161, 1261, 1163, 
1263. The variable fectors include, among other things, the engine speed and intake 
fluid pressure. 

The opening and closing ofthe intake and exhaust ports 1161, 1261, 1163, 
5 1263 is preferentiaUy timed so as to aUow a substantiafly complete blowout of 
exhaust fluid from the respective left/right combustion chamber 1 150, 1250 by the 
incoming intake fluid, but not so long so as to allow intake fluid to exit the exhaust 
ports 1163, 1263. Insufficient blowout of exhaust fluid will reduce engine 12 
perfonnance. Escape of intake fluid out ofthe exhaust ports 1 163, 1263 contributes 
10 to airborne pollution. 

The time m which the intalce and exhaust ports 1 161, 1261, 1 163, 1263 are 
open is directly related to engine speed, all else being constant The intake and 
exhaust ports 1161, 1261, 1163, 1263 are openfor a shorter period of time for a 
higher engine speed than that for a slower engine speed. For a constant intake fluid 
pressure, &e amount of intake and exhaust fluid displacement is therefore direcfly 
related to engine qjeed. An ideal complete displacement of exhaust fluid by intake 
fluid is achievable for only one engine speed. 
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Slidmg Cylinder Liner 

In an embodiment in accordance with the present mvention, variable port 
timing is pro^dded to adjust the lime in which the intake and exhaust ports 1 1 6 1 , 
1261, 1163, 1263 are open relative to engine speed. Referring again to Figure 9, the 
housing 1103 comprises a left cylinder cavity 1104, a right cylinder cavity 1204, and 
a crankshaft cavitj' 1304, adapted to house the left cylinder 1 100, the right cyhnder 
25 1200, and the crankshaft 1300, respectively. The left cylmder cavhj^ 1104 defines a 
left cylinder liner bore 1134 adapted to slidingly receive in close filtmg engagement 
with the left cylinder liner 1130. Suitable slidmg seals (not shown) are provided 
between the left cylinder liner bore 1 134 and the lefl: cylinder liner 1 1 30. 

The axial location ofthe left cylinder liner 1 130 relative to the left cylinder 
30 liner bore 1 134 is preferentially controlled. During slow engine speed operation, the 
left cylinder hner 1 130 is translated axially toiraids the crankshaft 1300. The 
movement ofthe left cyhnder liner 1 130 towaids the crankshaft 1300 effectively 
shortens the time in which the left exhaust ports 1 163 are open. In an extreme 
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example, the left cylinder liner 1130 moves an axial distance towards the crankshaft 
1300 sufficient so that the left inner piston 1 120 only partially opens flie left exhaust 
ports 1 1 63 fiirther reducing the time in which the exhaust fluid exits the left exhaust 

ports 1163. 

5 Similarly, the axial location of the right cylmder liner 1230 relative to the right 

cylinder liner bore 1234 is preferentially controUed. During slow engine speed 
operation, the right cylinder liner 1230 is translated axially towards the crankshaft 
1300. The movement of the right cylinder liner 1130 towards the crankshaft 1300 
effectively shortens the time in which the right exhaust ports 11 63 are open. In an 
10 extreme example, the right cylinder liner 1 130 moves an axial distance towards the 
cranlcshaft 1300 sufficient so that the right inner piston 1120 only partially opens the 
right exhaust ports 1263 firfier reducing the time in which the exhaust fluid exists 
the right exhaust ports 1263. 

Figure 10 is a graph representing asymmetric timing of flie opening and 
15 closing of the mtake ports and tiie exhaust ports as a fimction of crankshaft angle, in 
accordance with an embodiment of the present invention. A first intake port curve 
22b shows the opening and closing of the intalce ports as a symmetric curve offset 
fiom the axis of a first exhaust port curve 20b which shows liie opening and closing of 
the exhaust ports. Movement of the left cylinder liner 1130 provides a shifting of the 
20 ' riTning of the mtake and exhaust ports, an example shovm. as a second intake port 

curve 22c and second exhaust port curve 20c. By moving tiie left cylinder liner 1130, 
preferential port timing m relation to the engine speed and load is achievable. 

The cyhnder liner 1 130, 1230 is moved in an axial direction by a number of 
suitable means. In one embodiment in accordance with the present invention, the 
25 cylinder liner 1 130, 1230 is moved using an actuating means, including, but not 

limited to, an electric motor, hydraulic acfaiator, and the like. The actaating means is 
controUed by a feedback contiol system (not shown) that controls tiie position of tiie 
O'linder luira: 1130, 1230 to a predetermmed position in accordance with 
predetermined engine speed, or otixer performance parameter. 
30 In another embodiment in accordance vidth Ihe presM.t invention, fluid 

pressure acting upon a portion of the cylinder Imer overcommg a restoring element is 
used to position Ihe cylinder Imer 1130, 1230. Figure 11 is a side cross-sectional 
view of an engine 12 in accordance with an embodiment of tiie present invention. 
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Looldng at Ihe right cylinder 1200, the left cylinder 1 1 00 being similarly arranged 
(not shown), flie housing 11 03 conrprises a fluid inlet 1264 adapted to provide 
controllable hydraulic pressure on the exhaust end 1238 of the right cylinder liner 
1230. The right cylinder liner 1230 further comprises one or more flanges 1237 
suitable for coupling with a bias member 1259. The bias member 1259 is adapted to 
provide a restoring'force on the right cylinder liner 1230 as the right cylinder liner 
1230 is pushed towards the crankshaft 1300 by the hydraulic pressure on the intake 
end 1236. 

In one embodiment in accordance wifli the present invention, the fluid used to 
provide the hydraulic pressure on the right cylinder Uner 1230 is cooling fluid used to 
cool the right cylinder liner 1230. The pressure of the cooling fluid is controlled by a 
feedback control system (not shown) that controls the position of the cylinder hner 
1 130, 1230 to a predetermined position in accordance with predetermined engine 
speed, or other performance parameter. 

Engines in accordance wth embodiments of the present invention are 
configured to be powered by any number of internal combustion processes, such as, 
but not limited to, those combustion processes associated with spark ignition (SI), 
Diesel, and Homogeneous Charge Compression Ignition (HCCI). 

In the Sl-combustion process, a homogeneous air and fuel mixture is 
compressed within the cylinder and ignited at the end of the compression stroke by a 
spari:. The spark causes a flame kernel, or a heat front wave, that grows and 
propagates throughout the combustion chamber. Engine load (torque) is controlled by 
controlling the rate of flow of the air and fuel to the cylinder. The air and fiiel ratio is 
kept substantially constant at all loading conditions. 

The flame kernel produces a flame front in the cylinder that has a teanperature 
in excess of 1600C, the temperature in \)rfiich nitrogen-oxides (NOx) are produced. 
Therefore, some means of mitigating NQx production is required, such as, but not 
limited to catal)1ic conversion to a safer compound. 

In an embodiment of the present invention, the cylinder volume is divided into 
a combustion chamber and the cylinder, and fiirfher comprising a NOx-reduciiig heat 
sink or a catalytic converter betwe^ the combustion chamber and the cylinder (such 
as provided in PCT application number PCT/US 03/08708 entitled ENGINE WITH 
POWER GENERATING CAPABEITY, incorporated herein by reference). For 
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reaction Icinetic reasons, and, in order to maintain the optimum configuiatioD for 
scavenging, tiie converter is attached to the exhanst piston; fiiel is injected by spraying 
directly into the combustion chamber. Such a combustion system offers a 
brealcthrough in extreme low emission combustion without sacrificing the fuel 
5 consumption, power output or contfort. 

In the Diesel combustion process, pure air is first compressed in the cylinder, 
causing the air to increase in temperature. Fuel is injected under high pressure at the 
end of the compression stroke, into the hot compressed air. The fuel is vaporized and 
mixed partially Avifli the compressed air. The air and fiiel mixture self-ignites when 
10 brought to a predetermined temperature. Engine load is controlled by varying the 
amount of fuel mjected into the cj'hnder. 

HCCI is an abbreviation for "Homogeneous Charge Compression Ignition". 
The name impUes that the homogeneous ("well mixed") charge of air and &el is 
ignited by compression heating. 
15 In the HCCI combustion process, a homogeneous air and fuel mixture is 

compressed within lie cylinder. As tiie temperature of the air and fiiel mixture is 
increased due to the increase in pressure, auto-ignition occurs. The HCa combustion 
process requires a high compression ratio in order to ensure auto-ignition. A very lean 
mixture is used in order to slow the chemistry reaction rate, and therefore reduce the 
20 combustion rate. Suitable an: and fiiel mixtures can be achieved by using a hi^ air 
and fiiel ratio or by Exhaust Gas Recycling (EGR). Engine load is controlled by 
varymg the amount of fuel in the air and fiiel mixture. 

The HCCI engine utilizes a high compression ratio and the combustion is fest. 
This gives a high efficiency at bw loads compared to a Sl-engme that has low 

25 efficiency at part load. 

A major advantage of &eHCa combustion process is that it produces a low 

amount of nitrogen-oxides (NOx). The formation of NOx is strongly dependent on 

combustion temperature. Higher tenq)erature produces a higher amount of NOx. 

Unlike the high temperature of greater than 1600C produced by the flame fiont of a SI 
30 combustion process producing large amounts of NOx, Ihe auto-combustion of the 

HCa combustion process is mitiated at somewhat less than 1600C, approximately 

875C. 
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Furflier, since the combustion is homogeneous and a very lean mixture is used, 
the combustion tempesraiure becomes veiy low relative to that of a flame front of a 
spark-ignition combustion process. This low temperature results in very low amounts 
of NOx being produced. A stoichiometric mixture has an air to fuel ratio of 1. For the 
HCCI combustion process, the closer the air to fuel ratio is to 1, the higher the 
ignition temperature and the closer to NOx production temperature. Therefore, the 
HCa combustion process can be produced using an air to fuel ratio of up lo about 10, 
with the range of 2-10 suitable for producing ignition temperatures well below NOx 
production temperatures. 

Further, the HCQ combustion process does not produced Ihe same levels of 
soot as the Diesel combustion process. 

The HCCr combustion process enables a hi^ IhemMl efficiency when 
compared to other combustion processes because the very fast chemical reaction in 
the combustion chamber is very near to the optimal "Constant Volume Combustion" 
15 withoutthe limitation of Tmockmg." Knocldng is a tenn used to define an abnormal 
combustion condition, also known as detonation, wherem multiple flame fronts 
collide inside the combustion chamber, increasing the pressure in the chamber and 
occuning at inappropriate times during the combustion cycle. Knocking is usually a 
very undesirable and detrimental condition. 
20 Allhough anbodiments of His present invention can be powered by the HCQ 

combustion process, control of the combustion process is more difficult than in the SI 
or Diesel combustion process. The HCCI combustion process provides no direct ■ 
control of the start of combustion, unlike the spaik timing of a SI combustion process. 
The start of combustion depends on several parameters. Tte dominant parameters 
25 mclude, among others, the compression ratio and Ibe inlet temperature. Control of 
fcese dominant parameters provides a means to control the start of combustion to a 
desired point in time. 

In accordance with embodiments of the present invention, the engine is 
powered by an assistedHCCI combustion process, wherein the air and fuel mixture is 
30 compressed within the cylinder to a predetenmned state below the threshold condition 
where auto-ignition wiU occur. An energy assist, such as, but not limited to, a heat 
source such as produced by, among others, a spark plug or glow-plug, is used to 
initiate combustion maint a i u ing a smoofii thramal wave combustion condition. Uie 
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assisted HCCI combustion process works off the (mshold. condition, producing 
controllable and uniform combustion without the occurrence of an ill-timed violent 
photo-detonation (icnocldng). 

The energj' assist provided for initiating combustion is provided by one of a 
number of suitable devices, including, but not limited to, a spaik plug and glow plug. 
A glow plug has unique advantages as it does not produce a flame front, unlilce fee 
spark plug. A glow plug is a device Icnown in the art that provides a source of rapid 
heating from an element that is exposed to Hie air and fuel mixture. Glow plugs are 
well known for use m Diesel engines for cold starting. Commonly, upon start-up of a 
Diesel engine, the initial temperalure of the air and fuel mixture is too low to sustain 
auto-ignition. The glow plug pro^^des Ihe needed addition heat source necessary for 
combustion. After the enguae beats up and can contribute to heating the air and fael 
mixture, the glow plug is no longer activated. 

In accordance viifli embodiments of the present invention, a glow plug is 
15 provided in the cylinder and is adapted to control the time of ignition of the air and 
fuel mixture. In one embodiment in accordance with the present invention, the timing 
of the heating of the glow plug is triggered by flie p6sition of (one of) fee pistons. In 
another embodiment in accordance wifli the present invention, the timing of the 
heating of the glow plug is triggered by the peak pressure of the air and &el mixture 

20 in the cylinder. 

In embodiments in accordance with the present uwention, the glow plug is 
controlled by a feedback control system. The feedback control system, in one 
embodiment, conliols the glow plug timing based on predetemnned perfoimance 
criteria. In one embodiment, glow plug heating is timed to produce combustion 
25 ignition when Ihe crankshaft is at TDC, which provides Ihe greatest &el efficiency. 
In another embodiment, glow plug heating is timed to produce combustion ignition 
when the combustion chamber reaches peak pressure, typically at 5-1 0% after TDC. 

Further, and ia another embodiment, the timing of glow plug heating is 
detemiined based upon cranlcshaft performance parameters, such as, but nothmited 
30 to, torque variation and angular variation. 

In yet anther embodiment, and particularly suitable when constant crankshaft 
speeds are desired, such as, but not limited to, electric generation appUcations, glow 
plug heating is timed to produce combustion ignition to optimize power output 
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In other embodiments in accordance wifli flie present invention, the 
temperature of the glow plug is variable and controUed for a particular pmpose. By 
way of example, but not limited thereto, the glow ping temperature is controlled based, 
upon the tempeiatuiE of the air and foel mixture. In another example, the glow plug 
5 temperature is controlled based on the tenqjerature of the exhaust fluid. In yet anolier 
example, the glow plug temperature is controlled by measured speed oscillations of 
the crankshaft relative to a desired.constant average speed of rotation. 

Piston Head 

10 Referring again to Figures 2 and 3, side cross-sectional views of the left 

cylinder 100 in the TDC and BDC positions, respectively, are shown in accordance 
with- an embodiment of the present invention. Only the left cylinder 100 is discussed 
below as the right cylinder 200 comprises similar coii5)onents. The left outerpiston 
no comprises a left outerpiston head 1 16 and a left outer piston phmger 118 
opposite the left outerpiston head 116. The left outer piston head 116 terminates ata 
left outerpiston combustion fece 11 1. The left outerpiston head 116 is adapted to be 
slidingly received in close fitting engagement with the left cylinder liner hore surface 
139 at the left cylinder hner intake end 136, 

The left inner piston 120 comprises a left inner piston head 126 and a left 
20 inner pistonpush end 124 opposite the left inner piston head 126. The left inner 
piston head 126 tenninates at a left inner piston combustion fece 121. The left inner 
piston head 125 is adapted to be slidingly iecerved in close fitting engagement widi 
the left cylinder liner bore surface 139 at the left cylinder liner exhaust end 138. 

The left outerpiston 110, the left inner piston 120, and the left cylinder liner 
25 130 define a left combustion chamber 150. 

Embodiments of the present invention provide unconventional design of the 
shape of the left outer piston combustion face 1 1 1 and left inner piston combustion 
face 121, and therefore flie overall shape of the left combustion chamber 100, because 
there are no valves. Hgure 12 is a side cross-sectional view of the left cylmder 100 
30 iucludingaleftouterpistoncombustianfece 111 and left inner piston combustion 
fece 121 near top dead center ft>nning a torroidal combustion chamber 1150a, in 
accordance with an embodiment of the present invention, as first presented in' 
PCT/USOO/34122 entitled INTERNAL COMBUSTION ENGINE WITH A SINCHJE 
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CRAMCSHAFT AND HAATNG OPPOSED CYLINDERS WITH OPPOSED 
PISTONS, incorporated herein by refeisnce. The combustion chamber 1150a is 
formed by the left outer piston combustion face 1 1 1 having a convex tonoidal shape 
matching the left iimer piston combustion fece 121 wth a complimenlarj' profile. Ite 
5 left outer and inner piston combustion feces 111. 121 form a broad area squish band 
that creates a swirl of high intensitj^ near top dead center providing fee potential for 
improved exhaust emissions, and also fuel consumption, power output and comfort 

Other shapes of the left outer piston combustion fece 111 and left inner piston 
combustion fece 121 are anticipated, suitable for a particular purpose. 
10 Figure 13A is a side cross-sectional view of the left cylinder 100 comprismg 

the left outerpistonhead 116 includmg a left outerpiston combustion fece 111 anda 

spark igniter 1 80, such as, but not limited to a conventional spaik plug known in the 
art, in accordance with an embodiment of the present invention. The sparkigniter 180 
is disposed wilhm fee left outer pistonhead 116 such that a spark gap 1S2 is suitabty 
15 located adjacent ftie outer piston combustion fece 111 and suitably exposed Id the 

intake fluid. 

ItisunderslDodtfaatthe sparkigmter 180 could be located on ofliesr 
components of the left cyhnder 100, such as, but not limited to, the left inner piston 
combustion fece 121 and integrated into the side of &e left cylinder Hner 130. 
20 Figures 13A and 13B are partial cross-sectional views of Ihe left cylinder 100 

comprising an inteimittent-contact spaik ignition system 1 85 in a disengaged and 
engaged position, respectively, in accordance with an embodiment of the present 
inventioa The intermittent-contact spark ignition system 185 comprises amovmg 
contact 186 extending from the left outer piston 1 10, and a stationary conlact 1 88 in 
25 opposedrelationshipandinaxialalignmenttDthemovmgcomactl86. Themovmg 
contact 186 and Ihe stationary contact 188 come into electrical contact creating an 
electric discharge atlhe spark gap 182 when the left outer piston head UG.moves 
substantially to the TDC position. The movmg contact 188 and the stationary contact 
186 move apart out of electrical contact at aU other positions of the left outer piston 
30 110. 

In an embodhnent of the present invention, the spark tinting is adjustable by 
adjusting the relative axial position of the stationary contact 188. An earher spark 
timing is obtamed by moving the stationary contact 1 88 closer to the movmg contact 
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186, whereas a retarded spark tiirmg is obtained by moving the stationaiy contact 1 88 
.further away from the moving contact 1 86. 

Figure 14 is a partial cross-sectional view of the left cylinder 100 comprising a 
shding-contact igmtion system 285, in accordance with an embodiment of the present 
invention. As in the embodiment of Figure 1 lA, above, an igmtion source, such as a 
spade igniter 180 or a glow plug 280 as shown, is disposed within the left outer piston 
head 116. The sliding-contact ignition system 285 conqmses a receiving contact 286 
extending from the glow plug 280 to the left outer piston plmiger 1 1 8 and a sUding 
contact 288 extending from the left housing end cap 1 07 and in axial alignment with 
flie receiving contact 286. The receiving contact 286 provides a surface 287 for 
nesting engagement with the slidmg contact 288. 

The receiving contact 286 and the sliding contact 288 remain in electrical 
contact fhroughout the stroke movement of the left outer piston 1 10, the sliding 
contact 288 sHding within the receiving contact 288. La the case of the ignition source 
15 being a spark igniter 1 80, the spaik igniter 1 80 is controlled in the conventional 
manner that when the left outer piston head 1 16 moves substantially to the TDC 
position, the spark igniter 180 is caused to create an electric discharge at the spark gap 
182. In the case of the glow plug 280, the heatmg of the glow plug 280 can be 
controlled at any portion of the piston cycle. For example, but not limited to, the 
glow plug 280 can be controlled to heat the intake fluid to a predetenmned 
temperature during scavengmg, whereas it is controlled to produce a high temperature 
surge at TDC. I other words, a glow plug 1 80 can be operated continuously to heat 
the mtake fluid, whereas the spark plug 1 80 can only be used for ignition. 

In accordance with an embodiment of the present invention, the spade igniter 
25 180 as shown in Fig. 13A is replaced with a glow plug 280. The glow plug 280 
provides a source of heat that augments ftie self ignition of ftie intake fluid under 
pressure. As the pressure and therefore the temperature of the mtake fluid raises 
during the compression phase of the cycle, the glow plug 280 is activated to provide a 
source of heat to the intake fluid so as to assist the intake fluid to self ignite at a 
30 predetCTuined time ru the cycle. 

The glow plug 280 does not have to operate at the extreme temperature as that 
of an electric discharge m order to provide conditions for self ignition of the intake 
fluid. By way of example, during engine startup the intake fluid is relatively cool. 
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wherein ttie glow plug 280 raises the intake fluid temperature sufficient that with 
additional compression of &e inlake fluid at TDC, the temperature of the intalce fluid 
is sufficient to sustain self ignition. Further, the relatively low-temperature ignition of 
the mlBlce fluid about Ihe glow plug 280 acts to provide a pressure source, much like a 
5 piston, compressing the intake fluid further and raismg the fluid temperature to above 
the self-ignition temperature, causing a uniform combustion of the intake fluid 
throughout the left combustion chamber 1 150. 

Ideally, for performance and emissions considerations, among others, 
combustion of the intake fluid within the left combustion chamber 1 150 should occur 
10 unifonnly, spontaneously, and completely. Spark ignition typically, and in some 
cases glow-plug ignition, produces non-unifomi combustion of the intake fluid. A 
flame front can be produced that advances through the combustion chamber 
producmg non-uniform and non-complete combustion of the intake fluid. The 
detrimental effects of the flame front is reduced m embodiments of the present 
15 invention wherein self ignition conditions are provided in the combustion chamber 
and ignition by a spark or glow plug occurs at about the self ignition conditions. 

Other embodiments in accordance with the present mvention are provided to 
minimize or eliminate non-unifonn and non-complete combustion. These 
embodhnents mclude, but are not limited to, contamed ignition withm a cavity or 
20 chamber of a piston. Figures 15A-15C are side cross-sectional ^dews of embodiments 
of left outei- piston heads 1 16a-c wherein the glow plug 280 is provided in a cavity 
formed in the left outer piston head 1 16a-c extendmg from the left mner piston 
combustion face 121a-c, in accordance with embodhnents of the present mventioiL 
The glow plug 280 extends into the cavity to heat the intalce fluid contamed fherem. 
25 In this arrangement, any flame fixjnt that potentially can be produced by the glow plug 
280 is substantially contamed within the cavity for at least the time it takes for self 
ignition to talce place outside of the cavity. The benefit of a pressure increase of the 
intalce fluid outside of the ca^dty caused by the ignition of the mtake fluid within the 
cavity is reahzed to produce a uniform raise in pressure and temperature for uniform, 
30 spontaneous and complete combustion withm the left combustion chamber 1150. 

Figure 15A is a partial side cross-sectional view of a left outer piston head 
116c wherem the glow plug 180 extends into a spherical cavitj' 190 formed in the left 
outer piston head 1 16a extendmg from the left mner piston combustion fece 121a, in 
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accordance with an embodiment of tlie present invention. The spherical cavity 190 
comprises an inlrt port 191 that is adapted to direct incoming intalvc fluid into the 
spherical cavity 190 but is suffidentiy small so as to substantially contain any flame 
front. 

Figure 15B is a partial side cross-sectional view of a left outer piston head 
n6b wherein the glow plug 180 extends into a swirl cavity 192 framed in the left 
outer piston head 1 1 6b extending from the left inner piston combustion face 121b, in 
accordance with an embodiment of the present invention. The swirl cavity 192 
comprises an inlet port 193 that is adapted to direct incoming intake fluid to flow 
adjacent Ihe swirl cavity surfece 194 and to be substantially retained within Uie swirl 
cavity 192. The glow phig 280 extends into the swirl cavitj' 192 and is positioned out 
of the line of sight of the inlet port 193. In this arrangement, any flame front that is 
potentiaUy produced by the glow phig 280 is directed to the swirl cavity surface 1 94 
opposite the glow phig 280 to reflect Iheie-and-back-again sufastantiaUy delaying the 
1 5 time in which it may exit the swirl cavity 1 92. 

Figure 15C is a partial side cross-sectional view of a left outer piston head 
116c wherein the glow plug 280 extends into a cavity bottom 197 of an elongated 
cavity 196 fonned in flie left outesr piston head 1 16c extending from the left inner 
piston combustion face 121c, in accordance with an embodiment of the present 
invention. The elongated cavity 196 conq>rises an inlet end 195 that is adapted to 
direct incoming ihtake fluid to liie cavity bottom 197. The depth of the elongated 
cavity 196 is predeteimined such that any flame front produced by the glow plug 280 
wiU not exit the elongated cavity 197 untQ the self ignition of the intake fluid outside 
of the elongated cavity 196, 

. In other embodiments in accordance wifliliie present invention, the cavity, 
such as flie elongated oavily 196 shown in Figure 15C, among ofliers, comprises an 
inner surface 198 at least a portion of which having a catalytic layer 199 thereon. In 
an embodiment, the catalytic layer 199 comprises a material that reduces the quantity 
of NOx or other undesirable emission that might be fonned by a flame front produced 
30 within the elongated cavity 196. In another embodiment, the catalytic layer 199 
comprises a material that reduces the potential formation of a flame front produced 
within the dongated cavity 196. 

In other anbodiments in accordance with the present invention, the heating 
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element of the glow plug 280 further comprises a catalytic material 299. The catal^'tic 
material 299 comprises a material that triggers combustiou based on the chemistry of 
the intake fluid. As the intake fluid pressure rises, ignition is triggered when a 
predetermined concentration of constituent compounds within the intake fluid is 
5 reached. 

It is understood that in embodiments of ignition s^'stems presented above, 
among others, spark igniters 180 and glow plugs 280, among others, may be used 
interchangeably. By way of example, the spark igniter 180 shown in Figure 13 A can 
be replaced by the glow plug 280 as show in Figure 14. 

10 

Fuel Supply Systems 

Fuel is supphed to embodiments of engines in accordance with the presaot 
invention m a variety of ways. Referring again to Figure 9, a &el injector 1183 is 
provided adjacent each lefi/ri^t cylinder liner 1 130, 1230 teiminating T^dth a fuel 

1 5 injector port 1 1 84 and m fluid communication with the left/right combustion chamber 
1150, 1250, in accordance with an embodiment of the present invention. Intalce fluid 
in the form of air enters the left/right combustion chamber 1 150, 1250 tfanougih the 
left/right intake ports 1161, 1261. Fuel is injected in the lefl/right combustion 
chamber 1 150, 1250 at a suitable time in as the intake fluid is under compression. 

20 Referring again to Figures 13A and 13B, a fuel mjector 183 is provided in 

fluid communication with the second scavenging chamber 109. Intake fluid in the 
form of air is provided fi:om the first scavenging chamber 105 to the second 
scav^ging chamber 109 which is mixed with fiiel pro^aded by the fuel injector 109. 
A fuel and air mixture is provided to liie combustion chamber 150 througji the intake . 

25 ports 161 from flie second scavenging chamber 109. 

Cranlcshaft 

Figure 16 is a top exploded cross-sectional \dew of the crankshaft 300, left and 
right puUrods 41 1 a,b, 421a.b and left and right pushrods 412, 422, in accordance with 
30 an embodiment of the present invention* Figure 17 is an assembled top view of the 
assembly of Figure 16. The crankshaft 300 is referred to as a "built-up" crankshaft 
In contrast to a single forging of a conventional engine crankshaft, embodiments of 
the crankshaft 300 of the present invention comprise an assembly of four components, 
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a first cranlcshafit componeat 320, a second cranlvshaft component 330, a third 
cranlcshaft component 340, and a fourth cranlcshafl component 350, that are coupled 
together to form a single cranlcshaft 300. 

The first crankshaft component 320 comprises a cylindrical first main bearing 
5 325 including a first through bore 323 that dejQnes a crankshaft rotation axis 310. The 
first cranlcshaft component 320 ftirfher comprises a fhst nesting surface 322 that has a 
first ofifeet axis 321 that is ofiEset firom flie crankshaft rotation axis 3 10. The first rr^?\ m 
bearing 325 provides support between the cranlcshaft 300 and the housing 103, as 
shown in Figure 1. 

10 The second crankshaft component 330 comprises a second through bore 333 

that is coaxial with the first through bore 323 and also defines the crankshaft rotation 
axis 3 10. The second crankshaft component 330 ftirther comprises a second nesting 
surface 332 that has a second offset axis 331 that is offset fixDm the crankshaft rotation 
axis 3 10, and a third nestmg surface 336 having a third offset axis 337 that is offset 

15 firom both the crankshaftrotation axis 310 and the second offset axis 331. The first 
nesting surface 322 is adapted to be shdingly received into the second nesting surface 
332. The second crankshaft component 330 ifiirfher comprises a first bearing surfece 
334 having a cylindrical cross-section and coaxial with the second of&et axis 33 1 . 
The first bearing surfece 334 is adapted to accept a first ring bearing 361 thereon, 

20 which will be further described below. 

The third cranlcshaft component 340 comprises a thud through bore 343 that is 
coaxial with the first through bore 323 and also defines the crankshaft rotation axis 
3 10. The third ciankshaft component 340 furtho- comprises a fourth nesting surface 
342 that has a fourth ofEset axis 347 that is offset fi-om the crankshaft rotation axis 310 

25 and coaxial wifh the third offset axis 337. The third nesting surfece 336 is adapted to 
be slidingly received into the fourth nesting sur&ce 342. The third cranlcshaft 
component 340 further comprises a second bearing surface 344 having a cylindrical 
cross-section and is coaxial with the fourth ofiset axis 349. The second bearing 
surfece 344 is adapted to accept a second ring bearing 362, which will be described 

30 below. 

The third crankshaft component 340 ftirther comprises a fifth nesting surfece 
346 that has a fifth ofEset axis 341 that is offeet firom the crankshaft rotation axis 3 10 
and coaxial wilh the second ofeet axis 331. The third cranlcshaft component 340 
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further comprises a tbdrd bearing surface 348 having a C3^1iiidrical cross-sectioru The 
third bearing surface 348 is adapted to accept a tliird ring bearing 363 thereon, which 
will be further described below. 

The fourth cranlcshaft component 350 comprises a cylmdrical second main 

5 bearing 355 including a fourth through bore 353 tliat is coaxial with the first through 
bore 323 and also defbies the crankshaft rotation axis 310. The fourth crankshaft 
component 350 further comprises a sixth nesting surface 352 that has a sixth offset 
axis 351 that is offset from the crankshaft rotation axis 310 and coaxial with the fifth 
offset axis 341, which is also coaxial TOfh the first and second offset axes 321, 331. 

10 The third bearing surface 348 of the third cranlcshaft component 340 is coaxial mth 
the sixth offeet axis 351. The sixth nesting surface 352 is adapted to be slidingly 
received mto the fifth nesting surface 346. The second main bearing 355 provides 
support between the cranlcshaft 300 and the housiug 103, as show in Figure 1. 

It is understood that there are many different possible arrangements of nesting 

15 surfaces and bearing surfaces wherein, the above embodiment is just one of those 
possible arrangements and is not limited thereto. Other possible arrangements are 
also anticipated. 

In an embodiment in accordance with the present invention, the respective 
nesting surfaces are adapted to allow for a press-fit assembly with sufficient fastness 
20 to remain in axial and angular ahgnment, but allowing for disassembly. In another 
embodiment, the respective nesting surfaces have keys and key ways to ensure proper 
axial and angular alignment. 

Pushrods 

25 The two pan of left and right pullrods 411a,b, 421a,b and the pair of left and 

right pushrods 412, 422 are the connectmg elements between the pistons and tiie 
cranlcshaft 300, as shown in Figures 16 and 17, in accordance with an embodiment of 
the invention. The linear reciprocation of flie pistons drive the connectmg elements to 
. impart rotational motion to the crankshaft 300. 

30 Figure 18 is an isometric exploded view of the left and right pushrods 412, 

422, the second and third crankshaft components 330, 340, and the second roller 
bearing 362, in accordance with an embodiment of the present invention. The left and 
right pushrods 412, 422 resist compressive forces by the left and right inner piston 
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120, 220 as provided earlier and shown in Figure 1, and are therefore termed 
"pushrods." As shown inFigs. L 16-18, the left and right pushi-ods 412, 422 are 
disposed on a common inner piston journal 3 12, also referred herein as a pushrod 
journal, on the crankshaft 300. 
5 In embodiments in accordance mHi the present invention, the left and right 

pushrods 412, 422 Ue in a common plane. An embodiment that permits copianar 
aligmnent of the left and right pushrods 412, 422 comprises the left pushrod 412 
having a single aperture journal end 414 opposite the left concave end 413. The 
single aperture journal end 414 has a single aperture 415 that is ad^ted to rotatably 
1 0 engage around the second ring bearing 362 in close-fitting engagement 

The right pushrod 422 comprises a double aperture journal end 424 oj^osite 
the right concave end 423. The double aperture journal end 424 comprises a pair of 
tangs 426, also referred to as a fork, each with a coaxial aperture 425 thatis adapted 
to rotatably engage around the second ring bearing 362 in close-fitting engagement. 
The tengs 426 arc spaced-apart a predeteimined distance to slidably receive the smgle 
aperture journal end 414 of the left pushrod 412. 

The left and right pushrods 412, 422 are assembled onto the crankshaft 300 by 
receiving the single aperture journal end 414 of Hie left pushrod 412 between and in 
coaxial aUgnment vidth ihe pair of coaxial ^erhires 425 of the double aperture journal 
20 end424oftherightpushrod422. The second ring bearing 362 is slidably received 
within, the single aperture 415 and coaxial apertures 425. Tie fourth nesting surface 
342 of the fliini crankshaft component 340 is -disposed within the second ring bearing 
362. The third nesting surface 336 of flie second crankshaft component 330 is 
disposed wiflun the fourth nestmg suifece 342 of the thiid cianlcshaft component 340 
25 completing the assembfy. The left and right pushrods 412, 422 now share a common 
journal of the cranlcshaft 300, and flierefore, a common journal 312. 

The above embodiment is characterized by the elimination of bolts or other 
festeners, increasing component reliability and perfoimance. 

In one embodiment of the presait invention, ±t left and right pushrods 412, 
422 have a ratio of lengfti divided by crankshaft radius of about 5. This relatively 
large ratio results in much lower side forces and fictional toss between the inna: 
pistons 120, 220 and the cylinder liner bore surfece 139, 239, as compared to 
conventional engines. Typical prior art ratios are in the range of 3.2 to 3.8. 
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PuUrods 

Tlie pair of left and right puUrods 41 la,b, 421a,b resist tensile forces by fhe 
left and right outer piston 110, 210 as provided earlier and show in Figure 1, and are 

5 therefore termed "pullrods." As shown in Figs. 1, 16 and 17, the left and right 
puUrods 411a,b, 421a,b are disposed on a common pair of outer piston journals 
3 lla,b, also referred herein as a puUrod journals, on the cranlcshafl: 300. 

In embodiments in accordance with the present invention, the left and right 
pullrods 411a,b, 421a,b He in a common plane. The embodiment that pemuts coplanar 

10 aHgnment of the left and right pushrods 412, 422 as pro^dded above serves to also 
permit coaxial alignment of tbe left and right pulkods 41 la,b, 421a,b. In an 
embodiment, the left puUrods 41 la,b have a single aperture journal end 416. The 
single aperture journal end 416 has a single aperture 417 that is adapted to rotatably 
engage around one of the first and third ring bearings 361, 363 in close-fitting 

15 engagement. 

The right puUrods 421a,b comprise a double aperture journal end 426. The 
double aperture journal end 426 comprises a pair of tangs 428 each with a coaxial 
aperture 427 that is adapted to rotatably engage around one of the first and tod ring 
beariings 361, 363 in close-fitting engagement The tangs 428 are spaced-apart a 
20 predetermined distance to shdably receive tiie single aperture journal end 416 of the 
leftpuUrod41ia,b. 

The left and right puUrods 41 la,b, 421a,b are assembled onto the crankshaft 
300 by receiving the single aperture journal end 416 of the left puUrod 4Ila,b 
between and in coaxial alignment with the pair of coaxial apertures 427 of the double 

25 aperture journal end 426 of fhe right puUrods 421a,b. Oneof the first and third ring 
bearings 361, 363 is slidably received mfhin fhe single aperture 417 and coaxial 
apertures 427. The second nesting surface 332 of fhe second cranlcshaft component 
330 is disposed wilhm the first ring bearing 361. The first nesting surfece 322 of the 
first cranlcshaft component 320 is disposed wthm fhe second nestmg surfece 332 of 

30 fhe second crankshaft component 330 completing fhe assembly. One pair of the left 
and right puUrods 41 la, 42 la now share a common journal of the cranlcshaft 300. 

Similarly, the fifth nestmg surface 346 of fhe third crankshaft component 340 
is disposed wifhm the third ring bearing 363 . The sixth nesting surface 352 of fhe 
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fourdi crankshaft component 350 is disposed within the fifth nesting surface 346 of 
the third crankshaft component 340 completing the assembly. The other pair of left 
and right pullrods 411b, 421b now share a common joumal of the crankshaft 300, and 
therefore, a common jonmal 311a,b. 

The above embodiment is characterized by the elimination of bolts or other 
fasteners, increasing component reUability and perfoEtnance. 

In embodiments of the present invention provide relatively long left and right 
puIh:ods4Ha,b, 421a,b. The ratio between the length of the left and right pnlhods 
411a,b, 421a,b and the crankshaft radms is greater than aboijt 10. This configuration 
results in much lower side forces and fiiction between the outer pistons 1 1 0, 120 and 
the cylinder liner bore surfece 139, 239, than is typical of known art 

Figure 19 is an isometric assembled view of a crankshaft 300, in accordance 
with an embodiment of the present invention. The first, second, and third ring 
bearings 36U62, 363 described above provide for firiction redaction between the 
journal ends 416, 426, 414, 424 of tihe left and right pulkods 411a,b, 421a,b and left 
and right pushrods 412, 422 and the respective bearing surfeces 334, 344, 348 of the 
crankshaft 300. The first, second, and Ihiid ring bearings 361, 362, 363 are shown by 
way of example and not limited thereto. It is anticqjated that oflier types of ftictian 
reduction components and/or methods can be utilized, such as, but not limited to, 
needle bearings, roller bearings, lubridous coatings and ciixjulatmg lubrication fluids. ' 

The built-iipcranlcshaft 300, as shown in Figs. 1, 16 and 17 by way of 
example, enables the connecting elemente, such as the left and right pulkods 411a,b, 
421a,b and left and right pushrods 412, 422. along with any associated bearing 
member, to be pre-assembled. This avoids connecting elements found in the known 
25 art such as split connecting rods and split-bearings. Split comiecting rods require 
support structure and fasteners so that ftiey may be assembled to form a one-piece 
crankshaft. These are eliminated in the present embodiments. 

The built-up crankshaft 300, in accordance with eanbodiments of the pieseait 
invention, consists of several individual components that are subsequently assembled. 
30 The gaieraUy smaUer individual components offer advantages in the manufacturing 
process, for example, forging, machining, finishing, and other secondary work. Also, 
the built-up crankshaft 300 offers flie advantage of lighter weight. Because the 
connecting elements do not require festeners, snnpler elements of lower mass may be 
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used Moreover, the assembly of the several components may be accomplished during 
insertion of the cranlcsbaft 300 into the housing 103, for example. 

Another chamcteristic of the present embodiments is that a built-up cranlcsbaft 
300 can be used because there is a reduction of force experienced by the cranlcsbaft 
5 300. The balanced nature of the reciprocating components on the engine, and the 

eUmination of unbalanced combustion forces, provides substantially no resultant force 
on the main bearings 325, 355 supporting the cranlcsbaft 300. Contrary to the known 
art M'here hterally tons of unbalanced forces are exerted on the crankshaft, the present 
embodiments have substantially no unbalanced forces. This reduction in forces 
10 includes a reduction on the cranlcsbaft mam bearings 325, 355 and the engme 
assembly in general. 

In a laiown conventional in-line or 'V- engme, torque is created by uneven 
forces on the main bearing and the crankshaft. In the present embodiments, these 
forces are substantially eliminated, and only two main bearings 325, 355, and no 
15 center main bearing, are necessary to support the crankshaft 300 in the housing 1 03. 
Due to the configuration of the various components contemplated in the 
present embodiments, the crank radius may be only about half of that of a 
conventional design with a similar piston stroke. In part, tiie cranlc radius as defined 
by the cmnkcase perpendicular to the cylmder axis, is reduced due to the spht throw • 
20 of the overall piston stroke. 

Figure 20 is a cross-sectional isometric assembled view of the crankshaft 300 
of Figure 19, in accordance with an embodiment of the present invention. The first, 
third, and fourth crankshaft components 320, 340 and 350 ftirther comprise first, 
second, and third fluid channels 329, 339, 359, respectively. The first, second, and 
25 finrd fluid channels 329, 339, 359 provide means for fluid, such as, but not hmited to, 
lubricating and cooling fluid, to readily pass through the crankshaft cavity 304, as 
shown m Fig. 1. The crankshaft 300 ftirther comprises bearing lubrication passages 
335, 345, 349 adapted to provide fluid, such as, but not limited to, lubricating and 
cooling fluid, directly to the first, second, and third bearing surfaces 334, 344, 348, 
30 respectively. 

The primaiy role of the cranlcsbaft is to convert the reciprocating motion of the 
pistons, as conveyed through the puUrods and pushrods, into rotational motion. 
Unbalanced forces acting on a crankshaft result in increased fiiction between the 



35 



wo 2005/003532 



PCT/US2004/020590 



crankshaft and its si^jporting beaiings. The existence of unbalanced forces also 
complicates engine design, since the forces must somehow be mechanically 
transferred to the supporting structure of the engine, which must be sufficiently sturdy 
to accommodate the forces. In a standard four cylinder in-line engine, for example, 
5 the forces from ail four pistons act in the same direction against the crankshaft, and 
literally tons of pressure must be transferred through the crankshaft main bearings to 
the engine structure. A typical four cyhnder in-line engine ^dll have five main 
bearings supporting the crankshaft. 

Embodimesats of engines in accordance with the present invention allow for 
10 simpler crankshaft designs, since the reactive forces of the inner and outer pistons in 
each cylinder is substantially cancelled Refening to the left cylinder 100 as 
illustrated in Figure 1, it can be seen ftat since the compression and combustion 
forces acting on the inner and outer pistons 120, 1 10 will be substantiaUy equal and 
opposite, thepuDrods 411 of the outerpistons 110 will pull against the crankshaft 300 
1 5 with substantiaJly the same force with which the pusfarod 4 12 of the inner piston 120 
pushes. The result will be a turning moment on the crankshaft 300, with only veiy 
minor unbalanced side-to-side and up-andrdown forces due to the slightly different 
angles of the puHrods 41 1 and pushrods 412, and the asymmetrical timing of the 
pistons. The loads on the crankshaft main bearings 325, 355 are therefore very small, 
20 which elhninates the need for any center main bearings and results in much lower 
friction losses than in an in-line four cylinder engme of comparable performance. 

Figure 21 is a partial cutaway isometric view of an engine 14, in accordance 
with an embodiment of the present invention. The engine 14 comprises a housmg 
1 103 containing a left cylinder 1 100, an axiallj' aligned right cylinder 1200 opposite 
25 the left cylinder 1 100, and a crankshaft 1300 located there between. The crankshaft 
1300 comprises a crankshaft first end 1306 and a crankshaft second end 1307, 
Coupled to each of the crankshaft first and second ends 1306, 1307 is a balancmg 
system 500 described below. 

Figure 22 is a partial cut-away view of a balancing system 500 comprising a 
30 balancing system housing 514, a counter w^eight 508, and a planetary gear assembly 
506, in accordance with an embodiment of the present invention. The balancing 
system housmg 514 is adapted to be coupled to the engme housing 1 1 03 with 
mountmg festeners 512, described below. The planetars^ gear assembly 506 
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comprises a craak shaft gear 51 8 and a counter-rotating gear 519. The counter weight 
508 includes a shaft aperture 516 that is adapted to be placed coaxial with the cranlc 
shaft 1300 and free to rotate about the cranlc shaft axis 310. The cranlc shaft gear 51 8 
is adapted to be coaxial with, coupled to, and driven by the crank shaft 1300, and 
5 adapted to engage the counter-rotating gear 519. The counter-rotating gear 519 is 
coupled to the counter weight 508. By way of example, the crank shaft 1300 drives 
the cranlc shaft gear 5 1 S in a counter clockwise direction. The cranlc shaft gear 5 1 8, in 
turn, drives the counter rotating gear 519 in a clockwise direction which drives the 
counter weight 508 in a cloclcwrse direction. 
10 The balancing system 500 is suitable for substantially counter-acting against 

the minor unbalanced &st-order sinusoidal side-to-side and up-and-down forces due 
to the shghtly different angles of the pulhods 41 1 and pushrods 412 on the crank shaft 
1300, and the asjTnmetrical timing of the pistons. The counter weight 508 is 
positioned on the crank shaft axis 1300 at a predetermined angle to substantially 
15 counter act the unbalanced forces. 

Approximately 50% of all ftiction losses in an engine come from lateral forces 
produced by the movement of the pulhods 41 1 and pushrods 412 rotating in their 
respective journals, acting on the piston. i.e., pushing the pistons against the cylinder 
hner bore surface 1139, 1239. A short connecting rod produces high lateral forces 
20 while a long connecting rod produces low lateral forces (an infinitely long connecting 
rod would produce no lateral forces on the piston at all, but it would also be mfinitely 
large and infinitely heavy). It is desired to reduce these lateral forces and therefor© 
friction losses without an increase in connecting rod size or weight 

Referring again to Figure 9, the pushrods 1412, 1422 are subject only to 
25 compression loads that eliminate a need for a wrist pin. This is replaced by a concave 
end 1413, 1423 of large diameter that slides on a mating convex surfece 1125, 1225. 

Referring again to Figure 3, the left and right puUrods 411, 421 are coupled to 
the left and right outer pistons 110, 210 by means of left and right bridges 170, 270. 
Figure 23 is a cross sectional view along the cut line 23 — ^23 of Figure 3 showing the 
30 left bridge 170 comprising a bridge concave surface 173 that is adapted to be sUdingly 
received m convex puU surfece 172 of the right outer piston 210, in accordance vidth 
an embodiment of the present invention. A bridge bearing 372 is used, such as a 
needle bearing, to reduce the friction between the bridge concave surfece 173 and the 
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convex pull surface 172. 

Engine with Flnid B^^namic Effect 

Again, Figure 21 is a partial cutaway isometric view of an engine 14 in 
5 accordance with ano&er embodiment of the present invention. The engine 14 
comprises a housing 1 103 containing a left cylinder 1 100, an axially aligned right 
cylinder 1200 opposite the left cylinder 1 100, and a crankshaft 1300 located there 
between. Figure 21 depicts the engine 14 at a crankshaft angle of 270° after TDC of 
the left cylinder. 

10 The left cylinder 1 100 comprises a left cylinder liner 1 130, a left outer piston 

1 1 10 and a left inner piston 1 120. The left cylinder liner 1 130 comprises a left 
cylmder liner outer suifece 1 132 and a bore definmg a left cylinder liner bore surface 
1 139. The left cylinder hner 1 130 finther comprises a left cylinder liner intalce end 
1 136 and a left cylinder liner exhaust end 11 3 S. The left cylinder liner intalce end 

15 1136 comprises a pluralitj^ofleft intake ports 1161 and the left cylinder liner exhaust 
end 1 138 comprises a plurality of left exhaust ports 1 163, which will be fiirflier 
described below. 

The left outer piston 1 1 10 comprises a left outer piston head 1 1 1 6 and a left 
outer piston plunger 1118 opposite the left outer piston head 1 1 16. The left outer 

20 pistonhead 1116 temiinates at a left outer piston combustion face 1111. The left outer 
piston head 1 1 16 is adapted to be slidingly received in close fitting engagement with 
the left cylinder liner bore surface 1 1 3 9 at the left cylinder liner intake end 1 1 36. 

The left inner piston 1 120 comprises a left inner piston head 1 126 and a left 
innerpistonpushend 1124 opposite the leftinnerpistonhead 1126. Theleftimier 

25 piston head 1 126 tenninates at a left inner piston combustion face 1 121. The left 
inner piston head 1 126 is adapted to be slidingly received in close fitting engagement 
with the left cylinder liner bore surface 1 139 at the left cylinder liner exhaust end 
1138. 

The left outer piston 1 1 10, the left inner piston 1 120, and the left cylinder liner 
30 1 130 define a left combustion chamber 1 150. 

Similarly, the ri^t cylmder 1200 comprises a right cylinder liner 1230, a right 
outer piston 1210 and a right inner piston 1220. The right cylinder liner 1230 
comprises a right cylinder liner outer surface 1232 and a bore defining a right cylinder 
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liner bore surface 1239. The right C3^1inder liner 1230 further comprises a right 
cylinder liner intake end 1236 and a right cylinder liner exhaust end 1238. The right 
cylinder liner intake end 1236 comprises a plurality of right intake poits 1261 and ttie 
right cyhnder liner exhaust end 1238 comprises a plurality of right exhaust ports 

5 1263, which w'ill be further described below. 

The right outer piston 1210 comprises a right outer piston head 1216 and a 
right outer piston plunger 1218 opposite the right outer piston head 1216. The right 
outer piston head 1216 terminates at a right outer piston conibustion face 121 1 . The 
right outer piston head 1216 is adapted to be sUdingly received in close fitting 

10 engagement with the right cyhnder hner bore surface 1239 at the right cylinder liner 
intalce end 1236. 

The right inner piston 1220 comprises a right inner piston head 1226 and a 
right inner piston push end 1224 opposite the right inner piston head 1226. The right 
inner piston head 1226 terminates at a right inner piston combustion face 1221. The 
1 5 right inner piston head 1226 is adapted to be shdingly received in close fittmg 

engagement with the right cylmder liner bore surface 1239 at the right cj^Under Imer 
exhaust end 1238. 

The right outer piston 1210, the right inner piston 1220, and the right cylujder 
liner 1230 dejBne a right combustion chamber 1250. 

20 The left outer piston 1 1 1 0 and the right outer piston 12 1 0 are coupled to a pair 

of common journals, outer piston journals 1311, on the cranlcshaft 1300. The left 
inner piston 1 120 and the right inner piston 1220 are coupled to a common journal, an 
inner piston journal 13 12. The crankshaft 1300 will be further described below. 

The left outer piston 1110 of the left cylinder 1100 is coupled to the crankshaft 

25 1300 by means of a pah of left pulhrods 1411. one on either side of the cylinder 1100. 
Similarly, the right outer piston 1210 of the right cylmder 1200 is coupled to the 
crankshaft 1300 by two right pulkods 1421 . The left and right pulhx)ds 141 1, 1421 
are coupled to the left and right outer pistons 1110, 1210by means ofbridges 1170, 
1270 that ride on convex surfeces 1 172, 1272 on the left and right outer pistons 1 1 10, 

30 1210. 

The left mner piston 1 120 of the left cylinder 1100 is coupled to the cranlcshaft 
1300 by means of a left pushrod 1412; the right mner piston 1220 of the right cj^linder 
1200 is similarly coupled to the cranlcshaft 1300 by a right pushrod 1422. The 
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left/rigbtpusfarods 1412, 1422 have Isft/right concave ends 1413, 1423 that rids on 
lefi/right convex surfaces 1 125, 1225 on the left/right inner piston push ends 1 124, 
1224 of the left/right iimerpistons 1120, 1220, respectively. The left/right pushrods 
1412, 1422 and the leMi^t convex suifeces 1125, 1225 will be ftirfha: described 
5 below. 

The foTJT pistons 1110, 1120, 1210, and 1220 have a plurality of piston rings 
1 1 12, 1 122, 1212, and 1222, respectively, located bofli behind the combustion faces 
nil, 1121, 1211, 1221 and fiirfiier along the piston heads 1116, 1118, 1216, 1218to 
prevent the escape of fluid from between the piston heads 1116, 1118,1216, 1218and 
10 the bore smfece 1115, 1215. 

The housing 1 103 is adapted to house the left cylinder 1100, the right cylinder 
1200, and the crankshaft 1300. The housing 1 103 comprises a left cyhnder cavity 
1 104, a ri^ cylinder cavity 1204, and a caanlcshaft cavity 1304, adapted to house the 
left cylinder 1 100, the right cylinder 1200, and the crankshaft 1300, respectively. The 
15 left cylinder cavity 1104 defines a left plunger bore soifece 1106 and terminates with 
a left housing end cap 1 107. ITie left plunger 1 107 is adapted to be slidingly received 
in close fitting engagement with the left phmger bore suifece 1 106. The left plunger 
1 107, the left housuig end c^ 1 107, and the left plunger bore sur&ce 1 106 define a 
first left scavenging chamber 1105. 
• 20 The left cylinder cavity 1 104, tiie left plunger 1 1 07, flie left cylinder liner 

1130, and the crankshaft 1300 define a second left scavenging chamber 1109. The 
second left scavenging chamber 1109 is in open fluid communication wife the 
caankshaft cavity 1304 permitting flow of fluid fi-eely fliere flirough. 

Similarly, the ri^t cylinder cavity 1204 defines a right plunger bore surface 
25 1206 and terminates with a ri^t haasjog end cap 1207. Tie ri^t plunger 1207 is 
adapted to be sUdingly received in close fitting engagement witb tibie right phmger 
bore smfece 1206. The right plunger 1207, the right housing end cap 1207, and the 
right plraiger bore surfeoe 1206 define a first right scavenging chamba: 1205. 

The right cylindw cavity 1204, fbte right plunger 1207, the right cylinder liner 
30 1230, and the crankshaft 1300 define a second right scavenging chamber 1209. The 
second right scavenging chamber 1209 is in open fluid communication with tiie 
crankshaft cavity 1304 pennittmg flow of fluid fieely there through. Consequently, 
therefore, the second left scavenging chamba: 1 109, the crankshaft cavity 1304 and 
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the second right scavenging cliainber 1209 are in open fluid communication 
pennitting flow of fluid freely there betw^een. 

The fi ee-flow of fluid between the second left scavengmg chamber 1109, the 
cranlvshaft cavitj' 1304 and the second right scavenging chamber 1209 provides a 
5 fluid dynamic effect of the fluid contained mtfain. This fluid djTjamic effect has the 
effect of preferentially increasing the pressure of Ihe scavenging fluid at the opportune 
thns during the opening phase of the left and right intake ports 1161, 1261. A 
description of a engine cycle wiU explain this effect more clearly. 

Assume that the left cyliuder 1 100 is undergoing a power stroke wherem the 
10 crankshaft 1300 is at ''bottom dead center*' (BDC). During the power stroke, the left 
outer piston 1110 and the left umer piston 1210 are driven apart by the high pressure 
fluid within the left combustion chamber 1 150 produced during combustion. The left 
outer piston 1 1 10 and thus the left outer piston plunger 1 1 18 is driven towards the left 
housing end cap 1 107, which m turn decreases the volume, and increases the pressure, 
15 within the first left scavenging chamber 1105. At a predetermined pressure, a one- 
way valve 1 68 (See Figure 3) within the left outer piston plunger 1118 releases high- 
pressure fluid from the first left* scavenging chamber 1 105 into the second left 
scavenging chamber 1 109. At a predetermined time during the high-pressure fluid 
release from the first left scavenging chamber 1105, the left intalce ports. 1161 are 
20 opened to permit high pressure fluid to eater tiie left combustion chamber 1150. 

Simultaneously wifh the initiation of the power stroke of the left cylinder 
1100, the right cylinder 1200 undergoes the initiation of a compression stroke. 
During the compression stroke, the right outer piston 1210, and thus, the right outer 
piston plunger 1218 are driven towards the direction of the cranlcshaft 1300, and thus 
25 the left cyhnder 1100. This has the effect of compressmg the fluid coniamed withm 
the second right scavengmg chamber 1209, driving the fluid through the right uitake 
ports 1261 when open, as well as drivmg the fluid through the cranlcshaft chamber 
1304 and into the second left scavenging chamber 1109, raismg the pressure within 
the second left scavenging chamber 1109. 
30 The fluid pressure wave created by the forward momentum of the fluid mlhin 

the second right scavengmg chamber 1209 arrives in the second left scavenging 
chamber 1 109 as the left outer piston 1110 moves in the compressive stroke toward 
the crankshaft 1300, and while the left intake ports 1161 are open, even as the right 
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outer piston 1210 begins to move in the opposite direction away from the crankshaft 
1300, closing tte left exhaust ports 163 and ftirther compressing the intake fluid in the 
left combustion chamber 150. This fluid pressure wave arrives at the open left intake 
ports 11 61 effectively increasing the pressure of the intalce fluid for scavenging. 
5 Figure 24 is a schematic top view of an engine 13 comprising a phirahty of 

OPOC enguxes 11, shown herein wifli four engines 11, coupled to a common 
cranlcshaft 300 ha\Tng an axis 3 10 in side-by-side parallel relationship, in accordance 
with an embodiment of the present invention. Engines 13 of this configuration are 
characterized by simply couplmg additional engines 1 1 to the common cranlcshaft 300 

1 0 for providing additional power output in a relatively flat profile package. 

Figure 25 is a schematic front vie^^ of an engine 16 comprising a plurality of 
an odd number of OPOC engine cylinders 1 5, shown herein wath three engine 
cylinders 15, coupled to a common cranlcshaft 300 in an equally-spaced radial 
relationship, m accordance with an embodiment of the present invention. Engines 1 6 

15 of this configuration are characterized by simply coupling additional engine cylinder 
15 to the common crankshaft 300 for providing additional power output. In other 
embodiments, additional engines 16 are coupled to the common crankshaft 300 in a 
parallel relationship, such as shown hi Figure 24. 

Figure 26 is a schematic front view of an engine 18 comprising a plurality of 

20 OPOC enguies 11, shown herein with two engines 1 1, coupled to a common 
cranlcshaft 300 iu an equally-spaced radial relationship, in accordance with an 
embodiment of the present iavention. Engines 18 of this configuration are 
characterized by simply coup]mg additional engines 1 1 to the common crankshaft 300 
for providing additional power output. In other embodunents, additional eaagines 18 

25 are coupled to the common crankshaft 300 in a parallel relationship, such as shown in 
Figure 24. 

Multi-engines, such as those shown above, provide additional power 
flexftility by providmg a relatively snnple means for decoupling one or more of the 
engines from the crankshaft for incremental power reduction. 
30 The above is a detailed descaription of particular embodiments of the invmttoa 

It is recognized that departures from the disclosed embodiments may be within fee 
scope of this mvention and that obvious modifications will occur to a person skilled in 
the art It is flie intent of the applicant that the invention include alternative 
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implementations Imown in the art tliat perfonn the same functions as those disclosed. 
This specification should not be construed to unduly narrow the full scope of 
protection to which the invention is entitled. 

The corresponding stmctui es, materials, acts, and equivalents of all means or 
5 step plus function elements in the claims below are intended to include any structure, 
material, or acts for performing the functions in combination wifh other claimed 
elements as specifically claimed. 

10 
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V^TEATIS CLAIMED: 

1 . An internal combustion engine comprising: 

two opposed cylinders, each cylinder having a cylinder liner adapted to 
accept two opposed pistons therein defining a combustion chamber 
5 therebetween, the opposed pistons adapted to reciprocate along a 

common axis, the C3^1inder liner further comprising intake ports and 
exhaust ports; 

a crankshaft disposed between the cylinders, the cranlcshaft comprising 
journals; 

10 a housing adapted to house the cylinders; and 

a scavenge pump associated with each cylinder, the scavenge pump 
comprising a first scavenging chamber and a second scavenging 
chamber, the first scavenging chamber defined by an end of the 
housing and a plunger linked to one of the opposed pistons distal from 

15 flie crankshaft, wherein the plunger is adapted to move in unison with 

the piston and to draw hi a fluid firom outside the housing and to expel 
fluid to the second scavenging chamber, the second scavenging 
chamber adapted to expel fluid into the combustion chamber through 
the intake ports. 

20 

The engine of claim 1 wherein the second scavenging chamber of each of the " 
two cylindCTs are in fluid conmunication. 

The engine of claim 1 wherein the cranlcshaft has asymmetrically auanged 
journals, the engine further comprising: 

pushrods coupling one of the two opposed pistons proximate the 

crankshaft to at least one shared journal; and 
pulb-ods coupling one of the two opposed pistons distal the crankshaft to at 
least one shared journal 

The engine of claim 1 wherein the second scavenging chamber of each of the 
two cylinders are not in fluid communicatioiL 



25 
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5. The engine of claim 1 wherein each pair of opposed pistons further comprises 
an outer piston distal from the cranlcshafl and an inner piston proximate the 
crankshaft, the engine fmther comprismg; 

at least one pushrod in urging engagement with each of the ixmer pistons at 
a first end and coupled to at least one shared journal on the cranlcshafl 
at a second end, wherein at least one pushrod comprises a second end 
comprising two tangs; and 

at least one pnllrod in urging engagement with each of the outer pistons 
and coupled to at least one shared journal on the crankshaft. 

6. An internal combustion engine comprising: 

at least two opposed cylinders, each comprising one pair of opposed 
pistons reciprocating along a common axis, and an end of each 
opposed piston, in conjunction ^^fh a cylinder, defining a combustion 
chamber; and 

a cranlcshaft having at least one journal coupled to at least one puUrod and 
at least one pushrod for a pair of opposed pistons. 



The engine of claim 6 wherein the one pair of opposed pistons comprises a 
first inner piston and a second inner piston, each inner piston linked to a push 
rod at one end and each push rod at a second end engaged to the one journal 



8. The engine of claim 6 wherein the connecting elements comprise: 

a forked push rod comprising two tangs connected to one inner piston and 
an interlocking push rod connected to a corresponding opposite inner 
piston, both push rods being movable on a common axis. 



. 9. The engine of Qaim 6 further comprising: 

a bearing element disposed between the forked push rod and the 
interlocking push rod at the connecting rod. 
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The engine of claim 9 further comprising: 

a scavenge pump associated with each cylinder, the scavenge pump 
comprising a first scavenging chamber and a second scavengiog 
chamber, the first scavenging chamber defined by an end of a hoiising 
and a plunger linked to one of the opposed pistons distal from the 
cranlcshaft, wherein the plunger is adapted to move id unison wiih the 
piston and to draw in a fluid from outside the housing and to expel 
fluid to liie second scavenging chamber, the second scavengiag 
chamber adapted to expel fluid into the combustion chamber. 

The connecting rod of ciaioa 9 further comprising a lubrication port and 
associated conduit so that so that a lubricant may be presented to the bearing 
element 

The engine of claim 6 wherein the crankshaft is a built-up crankshaft 

An intmial combustion aigine comprising; 

two pairs of opposed pistons reciprocating along a common axis, and an 

end of each opposed piston, in conjunction with a cylinder, defining a 

combustion chamber, 
a connecting element linking each piston at an end of the piston opposite 

the combustion side, wherein at least a pair of connecting elements are 

movably aligned substantially along a common axis. 

The engme of claim 13 further comprising at least two pairs of connecting 
elements wherein each pair is aligned on an associated common axis. 

An engine comprisiag: 

an internal combustion engine comprising two* opposed cylinders, each 
cylmder comprising at least one pair of opposed pistons reciprocating 
along a common axis, and an end of each opposed piston, in 
conjunction with a cylinder, defining a combustion chamber; 
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a crankshaft connected to at least one piston by at least one connecting 
element, the cranlcshaft having at least one joninal for coupling the 
connecting element; and 
a scavenge pump associated with each cylinder, the scavenge pump 

5 comprising a fiist scavenging chamber and a second scavenging 

chamber, the first scavenging chamber defined by an end of a housing 
and a plunger linked to one of the opposed pistons distal from the 
cranlcshaft, wherein the plunger is adapted to move in unison with the 
piston and to draw in a fluid from outside the housing and to e^el 

10 fluid to the second scavenging chamber, the second scavenging 

chamber adapted to expel fluid ioto the combustion chamber. 

16. The engine of claim 15 wherein external ladiatiag fins are disposed externally 
ai-ound a portion of the cylinder for heat transfer. 

15 

1 7. The engine of claim 1 6 wherein the radiating fins comprise fins ]la^^ng a 
hehcal pattem. 



18 An engine comprising: 
20 an intPirpRl combustion engine comprising at least two opposed cylinders, 

each cylinder comprising at least one pair of opposed pistons 
reciprocating along a common axis, and an end of each opposed piston, 
ia conjunction with a cylinder, defining a combustion chamber; and 
the pair of opposed pistons comprising an inner piston and an outer piston; 
25 the cylinder comprises at least one exhaust port disposed so that 

reciprocation of the inner piston opens and closes liie exhaust port, and 
at least one intalce port disposed so that reciprocation of fee outer 
piston opens and closes the iutake port; 
a crankshaft linked to the inner piston by a push rod, and the crankshaft 
30 linked to. the outer piston by an puU rod wherein rotation of the 

crankshaft causes asymmetric port timing. 
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The engine of claim 1 8 further comprising: 

a scavenge pnmp associated with each cylinder, the scavenge pump 
comprising a first scavenging chamber and a second scavenging 
chamber, the first scavenging chamber defined by an end of a housing 
and a plunger linlced to one of the opposed pistons distal from the 
cranlcshaft, wherein the plunger is adapted to move in unison with the 
piston and to draw in a ftaid from outside the housing and to expel 
fluid to the second scavenging chamber, the second scavenging 
chamber adapted to expel fluid into the combustion chamber. 

The engme of claim 19 wherein the cranlcshafl journals are arranged to present 
the opening of the intake port after the closing of the exhaust port. 

The engine of claim 1 8 wherein the crankshaft is ad^ted so that there is a 
phase angle of about 20 degrees between the mtalce ports and the exhaust 
ports. 

An engine comprising: 

a piston disposed in a cylinder, one end of the piston cooperating with the 
cylinder to form a combustion chamber, the other end of the piston 
linked to a phmger, the plunger moves m unison with the piston; and 
a scavenge pump associated with the engine, the scavenge pump 
comprising 

a first scavenge chamber adapted to receive the plunger. 

The engine of claim 22 wherein the scavenge pump further comprises 

a second scavenge chamber in fluid conamunication with the first chamber; 
and 

a transfer valve disposed between Ihe j&rst fluid chamber and the second 
fluid chamber so that fluid displaced by flie plunger may be dh-ected in 
one direction. 
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24. The engine of claim 22 wherein the scavenge pump further comprises: 

a fluid transfer conduit having a transfer valve, tJie fluid transfer conduit 
being in fluid communication with the first scavenge chamber so that 
an external fluid may be introduced to the assembly. 

5 

25. The engine of claim 22 wherein the cylinder fnrfher comprises at least one 
intake port in fluid communication with the scavenge pump so that reciprocatmg 
motion of the plunger directs an external fluid into the cylinder. 

10 
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